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Background 

Embedment  anchor  systems  used  to  moor  surface  vessels  or  buoys  are 
subjected  to  a combination  of  sustained  and  repeated  loads  that  vary 
with  the  tautness  of  the  system  and  the  nature  of  wave  or  tidal  action. 

Studies  on  terrestrial  soils  have  indicated  that  soil-structure  systems  . 

do  not  react  in  the  same  way  to  sustained,  repeated  loadings  as  they  do 

to  strictly  sustained  loads  of  the  same  magnitude.  Most  dynamic  tests 

on  terrestrial  soils  show  a decrease  in  soil  strength  values  as  well  as 

lower  failure  levels.  For  this  reason  the  design  of  direct  embedment 

anchors  should  include  consideration  of  the  effects  of  dynamic  loadings 

on  anchor  holding  capacity. 

A program  sponsored  by  the  Naval  Facilities  Engineering  Command,  is 
presently  underway  at  the  Civil  Engineering  Laboratory  (CEL)  to  deter- 
mine the  dynamic  response  of  seafloor  soils  as  it  affects  the  perform- 
ance of  Navy  anchors  and  foundations.  Other  objectives  of  this  program 
are  to  determine  the  response  of  selected  seafloor  soils  to  dynamically 
induced  forces  and  to  develop  standardized  design  procedures  for 
propellant-actuated  direct  embedment  anchors.  These  procedures  must 
account  for  the  strengths  of  seafloor  soils  over  short  and  long  terms 
around  a deep  sea  embedment  anchor  sustaining  static  and  dynamic  load- 
ings. 

This  report  has  been  prepared  to  provide  interim  guidelines  for 
designers  of  dynamically  loaded  seafloor  foundations  and  anchors,  based 
upon  available  knowledge  of  terrestrial  and  seafloor  soils. 

Technical  Approach 

The  response  of  terrestrial  soils  to  cyclic  and  static  loadings  has 
been  studied  extensively,  both  experimentally  and  analytically.  However, 
deep  seafloor  soils  tend  to  be  more  normally  consolidated  than  terres- 
trial soils,  more  homogeneous,  and  more  frequently  composed  of  fragile 
particles  such  as  the  calcareous  or  siliclous  skeletons  of  small-  to 
microscopic-sized  organisms.  Seafloor  soils  have  been  studied  mostly 
statically;  only  a limited  amount  of  investigation  has  been  carried  out 
on  their  behavior  under  cyclic  loading.  Because  the  strength  of  terres- 
trial soils  has  been  found  to  decrease  considerably  under  cyclic  load-  ' 

ings,  it  is  necessary  to  determine  dynamic  seafloor  soil  properties  | 

Insofar  as  they  may  affect  seafloor  foundation  and  anchor  performance.  i 
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Specifically,  it  is  necessary  to  accurately  identify  critical  soil 
conditions,  loss  of  strength,  and  failure  around  the  loaded  foundation 
or  anchor. 

The  present  technical  approach  to  this  problem  consists  of  predic- 
ting the  response  of  seafloor  soils  to  dynamic  loading  by  using  the 
available  technical  knowledge  of  the  static  versus  the  dynamic  properties 
of  terrestrial  soils  in  conjunction  with  measured  static  engineering 
properties  of  seafloor  soils,  and  by  also  measuring  the  cyclic  loading 
response  of  seafloor  soil  samples  if  the  expense  is  warranted.  In  this 
report,  the  details  of  this  approach  are  described,  and  improvements 
expected  to  be  made  as  a result  of  current  research  are  discussed. 


SCOPE 

Types  of  Soils  Encountered 

Data  for  typical  seafloor  soils  are  given  in  Table  1,  including 
sampling  locations,  water  depths,  Atterberg  limits,  average  soil 
strengths  at  the  sampled  depths  (0  to  35  ft),  and  soil  sensitivity. 

Evaluation  of  the  behavior  and  performance  of  embedment  anchors 
under  repeated  loadings  requires  the  accurate  determination  of  the 
static  and  dynamic  properties  of  such  soils. 

Presently,  little  is  known  about  the  possible  differences  in  dynamic 
behavior  between  terrestrial  soils  and  such  seafloor  soils  as  the 
calcareous  oozes  — that  contain  large  fractions  of  crushable  grains  — 
and  the  turbldltes  — that  have  a relatively  metastable  structure  when 
compared  to  granular  terrestrial  soils. 

Types  of  Loading 

Dynamic  anchor  loads  are  applied  to  the  embedded  anchor  through 
either  the  soil  or  the  anchor  line.  Dynamic  loading  can  also  be  trans- 
mitted through  the  anchor  line;  such  a load  can  be  caused  by  line 
motion  from  drag  changes  under  current  fluctuations  or  by  the  phenomenon 
of  cable  strumming  (oscillatory  line  motions  perpendicular  to  the  line 
axis  and  the  current  direction)  forced  by  vortex  shedding  in  a more-or- 
less  steady  current.  Dynamic  line  load  also  can  be  caused  by  impact  of 
the  moored  object  with  another  object,  or  by  line  snapping  caused  by  the 
heave  and  surge  displacements  of  the  moored  object  under  the  influence 
of  surface  waves  and  wind  forces.  On  a short-term  basis,  however, 
dynamic  loads  can  result  from  seismic  motions  and  blast-induced  subsea- 
floor shock  waves. 

Dynamic  loads  can  produce  a load  magnification  when  the  loading 
rate  or  frequency  happens  to  coincide  with  a natural  frequency  of  the 
moored  system  or  its  components  (oscillated  object,  anchor,  and  seafloor 
soil)  . 
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On  the  application  of  dynamic  loading,  the  stress  distribution 
around  the  embedded  anchor  is  changed  due  to  the  increase  or  decrease  of 
"locked  in"  pressures,  previously  developed  under  normal  static  loads. 

In  the  extreme,  dynamic  loading  can  cause  the  reduction  of  soil  strength, 
to  a large  degree  in  the  case  of  cohesive  soils,  and  to  the  extent  of 
liquefaction  for  granular  soils.  On  the  removal  of  the  dynamic  load, 
soil  properties  and  strength  characteristics  are  different  than  they 
were  under  the  original  static  loading.  This  dynamic  loss  of  soil 
strength  has  been  studied  extensively  for  terrestrial  soils,  but  not  yet 
for  seafloor  soils. 

Types  of  Direct  Embedment  Anchors 

The  types  of  direct  embedment  anchors  that  are  of  concern  in  this 
report  are  those  which  are  embedded  on  a direct  path  (as  opposed  to 
being  augered  in,  for  example)  after  being  launched  or  dropped  downward 
to  attain  the  energy  required  for  embedment.  Several  such  anchors  have 
been  and  are  being  developed  by  CEL,  including  the  CEL  20K  propellant 
anchor  shown  in  Figure  1 (Taylor,  1976),  the  CEL  lOK  propellant  anchor 
(Wadsworth,  1976),  and  the  CEL  LOOK  propellant  anchor  (True  and  Taylor, 
1975).  Such  anchors  consist  of  two  major  parts:  (1)  a launcher  and 

(2)  a projectile,  which  includes  a piston  and  a fluke.  Fluke  sizes 
differ  in  dimensions  and  shape  for  use  in  various  types  of  seafloor 
sediments  as  well  as  rocks.  Sediment  flukes  are  plate-like  projectiles 
with  attachments  that  cause  keying  after  embedment.  The  rock  fluke  is 
a finned,  arrowhead-shaped  projectile  that  penetrates  the  rock  and  also 
can  key  like  the  sediment  fluke  for  use  in  dense  sand  or  very  stiff 
clay.  Table  2 summarizes  the  physical  dimensions  and  use  of  these 
anchors . 


RELEVANT  PARAMETERS 
Soil  Parameters 

Basic  soil  response  parameters  are  required  to  describe  the  short- 
term and  long-term  mechanical  behavior  of  seafloor  soils.  From  the 
basic  test  measurements  of  stress,  strain,  phase  angle,  and  frequency, 
various  behavioral  characteristics,  such  as  modulus,  compliance, 
viscosity,  energy  dissipation,  and  loss  of  strength,  can  be  calculated. 
In  the  following  pages  the  most  pertinent  soil  parameters  related  to 
the  problem  are  discussed. 

Moduli . An  Important  soil  parameter  used  to  describe  the  dynamic 
behavior  of  soils  is  the  shear  modulus  G.  Ground  response  Involving  no 
residual  soil  displacements  is  usually  determined  from  the  shear  modulus 
of  the  soil  under  symmetrical  cyclic  loading  conditions.  The  shear 
modulus  is  usually  expressed  as  the  secant  modulus  determined  by  the 


extreme  points  on  a hysteresis  loop  on  stress-strain  axes.  The  shear 
modulus  depends  mainly  on  the  strain  amplitude.  As  strain  amplitude 
increases,  the  shear  (secant)  modulus  decreases,  as  shown  by  the  data 
presented  by  Thiers  (1965)  for  San  Francisco  Bay  mud.  In  Figure  2,  the 
measured  shear  modulus  values  varied,  depending  upon  the  strain  ampli- 
tude, decreasing  from  225KSF  at  4.5  x strain  to  20  KSF  at  1% 

strain.  Also,  it  is  shown  in  Figure  2 that  the  shear  modulus  values 
for  San  Francisco  Bay  mud,  determined  by  Thiers  using  laboratory  testing 
equipment  (dynamic  simple  shear  device),  at  low  strains,  are  only  half 
of  those  obtained  by  in  situ  wave  velocity  measurements  (Aisiks  and 
Tarshansky,  1968).  This  decrease  may  have  been  caused  by  increased 
disturbance  in  the  laboratory  tests  as  compared  with  the  in  situ  tests. 

At  high  strains,  measured  values  are  shown  to  approach  values  calculated 
from  equations  given  by  Hardin  and  Drnevich  (1972). 

Variations  in  clay  characteristics  in  terms  of  shear  modulus  can  be 
expressed  by  normalizing  the  shear  modulus  G with  respect  to  the  undrain- 
ed shear  strength  Sy  and  expressing  the  relationship  C/Sy  as  a function 
of  shear  strain.  An  increase  in  the  cyclic  shear  strain  (Figure  3) 
causes  a reduction  in  the  shear  modulus  specially  at  the  first  few  pulses. 

Creep.  Very  little  is  known  about  the  creep  response  of  seafloor 
soils.  It  is  anticipated,  however,  that  their  creep  characteristics 
will  not  be  any  worse  than  those  of  the  worst  terrestrial  soils  (almost 
all  over-consolidated,  organic,  stiff  fissured  clay  shale,  and  low 
residual  strength  soils  tend  to  exhibit  a high  creep  rate).  Many  co- 
hesive sediments  are  susceptible  to  shear  cteep,  whereby  long-term  shear 
straining  occurs  under  constant  loading.  The  continuing  increase  of 
shear  creep  displacements  with  time  eventually  leads  to  a complete  fail- 
ure of  the  soil  (creep  rupture).  The  magnitude  of  stress  required  to 
cause  this  creep  failure  has  been  found  for  terrestrial  soils  to  be  as 
low  as  60%  of  the  short-term  soil  strength  (Singh  and  Mitchell,  1968). 
Creep  of  embedment  anchors  can  occur  if  a load  less  than  the  ultimate 
holding  capacity  of  the  anchor  is  applied  for  an  extended  period  of 
time.  Under  these  conditions,  the  anchor  eventually  might  be  displaced 
upward  significantly.  As  the  holding  capacity  of  the  anchor  is  lower 
at  a shallower  depth  of  embedment,  a relatively  constant  creep  strength 
would  result  in  an  acceleration  of  the  process,  leading  to  anchor 
pullout . 

Creep  rate  also  may  Increase  significantly  under  cyclic  loading. 

In  1966,  Seed  and  Chan  found  that  seismic  loading  could  trigger  incre- 
ments of  creep  strain  in  San  Francisco  Bay  mud.  Soil  samples  were  first 
loaded  up  to  65%  of  their  static  strength  for  a period  of  2 months  while 
recording  all  strain  levels.  Creep  movements  were  found  to  be 
insignificant  except  for  the  first  day.  Another  sample  was  tested  under 
the  same  conditions  but  was  dynamically  loaded  with  a simulated  earth- 
quake loading  at  the  end  of  the  first  day.  An  immediate  Increase  in 
axial  strain  from  about  5.5%  to  about  12%  occurred  for  the  first  day, 
and  axial  strain  continued  to  Increase  up  to  24%  through  a period  of 
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13  days  (see  Figure  4).  Such  a tendency  for  creep  movement  after  the 
application  of  pulsating  stresses  has  been  confirmed  for  the  same  type 
of  soil  and  condition  by  Holzer  and  Hoeg  (1973).  The  strain  versus  time 
curves  given  in  Figure  5 show  rapid  strain  Increases  immediately  after 
the  application  of  the  seismic  load;  a strain  increment  of  about  4%  is 
shown  for  a stress  level  of  70%.  These  results  show  that  the  applica- 
tion of  earthquake  loads  or  other  vibratory  forces  to  creep-susceptible 
clay  soils  can  increase  creep  sharply,  and  that  although  the  forces  may 
not  cause  Immediate  soil  failure,  the  resulting  increased  creep  deforma- 
tions may  be  sufficient  to  lead  to  failure  after  some  period  of  time. 

Negative  Pore  Pressure  (Suction) . When  a load  is  first  applied  to 
an  anchor  embedded  in  soil,  it  may  be  carried  by  shearing  stresses  in 
the  soil  over  and  around  the  anchor  or  by  negative  pore  pressure 
(suction)  in  the  water  contained  by  the  soil  beneath  the  anchor.  With 
time,  any  negative  pore  pressure  changes  caused  by  anchor  loading  will 
dissipate,  resulting  in  a decrease  of  the  anchor  holding  capacity.  Dis- 
sipation of  negative  pore  pressure  depends  mainly  on  the  ease  of  water 
flow  in  the  soil  beneath  the  anchor.  If  the  soil  is  coarse-grained  and 
pervious,  negative  pore  pressure  will  dissipate  very  rapidly,  reducing 
the  initially  apparent  effect  of  suction  considerably.  On  the  other 
hand  if  the  soil  is  a fine-grained  silt  or  clay,  a considerable  amount 
of  time  may  be  required  for  the  dissipation  of  the  negative  pore 
pressures . 

Only  a very  limited  amount  of  research  has  been  conducted  to  in- 
vestigate the  magnitude  of  suction  forces.  The  measurements  in  Duke 
tests  (All,  1968)  with  3-in.-diam  plate  anchors  on  the  soil  surface 
Indicated  an  average  suction  of  2.8  psi.  In  research  carried  out  by 
the  Hydro-Electric  Power  Commission  of  Ontario,  laboratory  tests  were 
performed  with  vented  and  unvented  flukes  in  soft  (S^  = 1.5  to  2.5  psi) 
and  stiff  (Sy  = 14  to  25  psi)  clay  soils.  Figure  6 shows  the  results 
of  this  investigation  in  the  form  of  a relationship  between  the  uplift 
coefficient  Ny  and  the  relative  embedment  depth  D/B.  Such  a plot  gives 
an  indication  of  the  magnitude  of  the  suction  effect  on  embedded  anchors 
I at  different  relative  depths,  indicating  an  increase  in  Ny,  attributable 

t to  suction,  by  a factor  approaching  about  2.0  at  large  embedment  depths. 

! Hence,  the  effect  of  suction  forces  must  be  considered  in  relating 

i short-term  to  long-term  dynamic  holding  capacity. 

I Stress-Strain  Behavior  Under  Dynamic  Loading.  The  determination 

of  a dynamic  stress-strain  relationship  for  a particular  soil,  anchor, 
and  loading  requires  duplication  of  the  boundary  conditions  existing  in 
the  field  as  closely  as  possible.  Using  dynamic  triaxlal  testing  equip- 
ment, soil  stress-strain  behavior  under  cyclic  loading  can  be  determined. 
Under  these  conditions,  the  lateral  expansion  of  the  soil  usually  is 

I permitted  to  exceed  the  corresponding  field  amount,  and  the  slope  of  the 

stress-strain  curve  will  decrease  with  the  Increase  of  the  applied 
axial  load.  Some  stress-strain  curve  data  have  been  obtained  under  the 
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condition  of  no  lateral  expansion  of  the  soil  sample  (Davisson,  1965; 
Zaccor  and  Wallace,  1963).  The  influence  of  lateral  deformation  on  soil 
stress-strain  data  is  Illustrated  by  the  stress-strain  curves  for  granu- 
lar materials  shovm  in  Figure  7 for  the  cases  of  all-round  equal  stress 
(curve  A),  lateral  strain  equal  to  zero  (curve  B) , and  constant  lateral 
stress  (curve  C) . Similar  behavior  is  exhibited  by  cohesive  materials 
in  a drained  state  Bishop  (1971).  The  type  of  shear  test  also  in- 
fluences stress-strain  behavior.  Theirs  and  Seed  (1969)  compared  simple 
shear  and  triaxial  compression  test  data  by  plotting  static  normalized 
stress-strain  curves  as  shown  in  Figure  8.  Simple  shear  tests  were 
carried  out  with  the  shear  stresses  applied  to  a horizontal  sediment 
plane,  whereas  triaxial  tests  were  conducted  on  specimens  extracted  at 
various  orientations  with  respect  to  the  sediment  layering  so  as  to  be 
loaded  at  various  angles  6 from  the  vertical  sediment  direction.  This 
figure  shows  that  at  lower  stress  levels,  all  triaxial  plots  agree  very 
well  with  the  simple  shear  results;  but,  at  higher  stresses  and  at 
failure,  triaxial  tests  give  lower  values  of  strain. 

Thiers  and  Seed  (1969)  carried  out  several  investigations  on  the 
cyclic  stress-strain  behavior  of  saturated  clays.  For  comparisor.  with 
static  behavior,  results  were  plotted  in  the  nondimensional  form  of  the 
dynamic  modulus  ratio  (dynamic  modulus  divided  by  static  modulus)  against 
the  cyclic  strain  ratio  (peak  cyclic  strain  divided  by  failure  strain), 
as  shown  in  Figure  9.  In  this  figure  most  of  the  changes  in  the  modulus 
ratio  lie  in  the  first  50  cycles.  Similarly,  Thiers  and  Seed  (1969) 
plotted  the  ratio  of  yield  strain  to  failure  strain  against  the  cyclic 
strain  ratio  for  clay  samples  shown  in  Figure  10.  Here,  the  plot  is, 
relatively,  a linear  strain  relationship  up  to  a value  of  about  unity 
for  the  cyclic  strain  ratio,  after  which  the  yield  strain  ratio  rapidly 
increases  to  a value  of  0.45,  corresponding  to  a value  of  cyclic  strain 
ratio  of  1.5,  which  is  an  increase  of  about  four  times  the  previously 
attained  value. 

These  soil  stress-strain  data  obtained  by  various  authors  give  an 
indication  of  what  may  be  expected  from  seafloor  soils  under  dynamic 
loading.  The  data  indicate  that  most  seafloor  soils  would  tend  to  be 
quite  susceptible  to  large  cyclic  stress  levels  resulting  in  large  soil 
deformations  in  the  direction  of  sustained  loading,  thus  permitting  an 
embedded  anchor  to  displace  upward  and  causing  it  to  eventually  pull  out. 

Loss  of  Strength  and  Liquefaction.  A granular  soil  may  lose  its 
strength  when  its  fabric  is  disturbed,  either  by  vibration  or  by  shear- 
ing. In  the  seafloor  soils  of  oceanic  trenches,  for  example,  disturbance 
caused  by  the  strong  vibrations  of  frequent  earthquakes,  will  change 
Interparticle  orientations  and  contact  stresses. 

The  term  "liquefaction"  implies  a reduction  in  the  resistance  of 
the  sediment  to  deformation  from  that  of  a plastic  solid,  having  a 
measurable  shear  strength,  to  that  of  a liquid,  having  only  a viscous 
resistance  to  flow.  Liquefaction  will  periodically  break  up  the  con- 
tacts between  the  sediment  particles,  creating  frequently  redeposited 
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turbidite  beds  in  which  the  particles  do  not  become  strongly  cemented. 

In  contrast,  some  granular  pelagic  sediments,  such  as  calcareous  oozes, 
that  are  not  in  an  earthquake  zone  may  acquire  a considerable  amount  of 
strength  as  a result  of  Interparticle  cementing.  Vibrations  would  there- 
fore be  more  likely  to  liquefy  granular  turbidite  beds  than  cemented 
pelagic  sediments. 

On  a geological  time  scale,  liquefaction  of  seafloor  soils  will  be 
a frequent,  but  transient,  occurrence  at  any  particular  place.  Several 
months  or  years  may  pass  without  any  liquefaction  occurring;  on  the 
other  hand,  at  much  longer  intervals  very  large  earthquakes  will  Induce 
widespread  liquefaction  lasting  up  to  half  a minute  or  more,  depending 
upon  the  thickness  and  the  permiability  of  the  sedimentary  layer  in- 
volved . m 

In  cohesive  soils,  the  same  disturbance  phenomeon  occurs,  but  the 
cohesive  strength  component  in  the  soil  restricts  the  effects  to  a ■ 

partial  strength  loss,  rather  than  a complete  liquefaction.  Soil  ■ 

strength  reduction  has  been  investigated  by  several  researchers  on  dif- 
ferent types  of  soils  under  cyclic  loading,  as  subsequently  described. 

The  dynamic  behavior  of  cohesive  seafloor  soils  should  be  closely 
related  to  that  of  some  terrigenous  muds  because  of  similar  static  soil 
properties  and  soil  composition.  The  dynamic  behavior  of  one  such  soil 
has  been  determined  by  Seed  and  Chan  (1966)-  San  Francisco  Bay  mud. 

In  Figure  11  are  summarized  many  of  the  test  results  obtained  during 
this  study.  In  this  figure,  relationships  are  given  between  the  sus- 
tained and  pulsating  stress  levels  that  produce  failure  for  various 
selected  numbers  of  stress  applications.  The  plotted  lines  indicate  the 
stress  state  (in  terms  of  sustained  and  pulsating  stresses  normalized 
by  the  static  undrained  strength)  at  which  failure  will  occur  following 
a specified  number  of  transient  stress  pulses.  As  may  be  seen,  the 
worst  situation  investigated  is  that  in  which  there  is  no  sustained 
stress  and  the  number  of  transient  load  applications  is  900,  correspond- 
ing to  a pulsating  stress  of  about  60%  of  the  normal  strength. 

Cyclic  loading  has  been  found  to  have  a small  effect  on  the  static 
strength  immediately  after  cessation  of  the  cyclic  loading.  As  shown  in 
Figure  12  (Thiers  and  Seed,  1969),  the  loss  of  strength  for  San 
Francisco  Bay  mud  samples  were  found  to  be  very  little.  Even  after  200 
strain  cycles  and  at  a cyclic  shear  strain  (amplitude)  of  2%  to  3%,  the 
soil  strength  was  only  reduced  by  10%.  Below  a cyclic  shear  strain  of 
1.5%,  the  soil  was  virtually  unaffected  by  200  cycles  of  straining. 

A cyclic  strength  decrease  factor  has  been  given  by  Thiers  and 
Seed  (1969)  for  cohesive  soils  in  a plot  between  the  strength  ratio 
(strength  after  cyclic  loading  over  original  strength)  versus  the  cyclic 
strain  ratio  (cyclic  strain  over  failure  strain  in  the  static  test) 

Figure  13.  This  normalized  plot  shows  only  small  reductions  in  strength 
for  cyclic  strain  ratios  less  than  0.4  but  rather  drastic  reductions  for 
ratios  greater  than  0.6.  For  design  work  it  would  be  quite  suitable  to 
limit  loading  magnitudes  so  as  to  limit  the  cyclic  strain  ratio  to 
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values  less  than  0.5.  This  would  limit  strength  loss  to  less  than  20% 
of  the  original  strength,  after  200  strain  cycles. 

Increases  in  the  resistance  of  soils  to  liquefaction  have  been 
observed  after  an  initial  liquefaction  and  settling  period  (Lee  and 
Focht,  1975a,  Finn  et  al.,  1970a).  These  Increases  are  probably  caused 
by  better  interlocking  of  the  particles  than  in  the  original  structure, 
before  the  cyclic  loading  was  applied.  Thus,  the  soil  stress  history 
plays  an  Important  role  in  the  resistance  of  the  soil  to  liquefaction 
under  cyclic  loading. 

The  cyclic  shearing  strength  expressed  as  a percentage  of  the 
static  undrained  strength  for  several  different  types  of  clay  soils  is 
illustrated  in  Figure  14  (Lee  and  Focht,  1975b).  Within  the  plotted 
’■ange  of  variation  of  cyclic  soil  strength  ratio  versus  number  of  cycles 
for  all  soils  considered,  the  seafloor  soils  are  not  restricted  to  a 
smaller  range,  but  fall  near  the  upper  and  lower  limits  as  well  as  in 
between.  The  cyclic  strength  ratio  for  100  cycles  to  failure  varied 
from  about  15%  for  the  North  Sea  soil  samples  up  to  about  65%  for  the 
Ekoflsk  sandy  clay  which  is  also  in  the  North  Sea. 

Soil  strength  at  a given  density  may  differ  considerably  under 
cyclic  loading,  depending  on  the  soil's  particle  sizes.  Lee  and  Fltton 
(1969)  compared  the  cyclic  strength  of  eight  different  soils  subjected 
to  the  same  confining  pressure  (03  = 15  psi).  As  shown  in  Figure  15, 
the  cyclic  strength  of  silty  clay  is  found  to  be  three  times  greater 
than  for  silt  and  sandy  soils  having  grain  sizes  down  to  nearly  those 
of  the  silty  clay,  thus  suggesting  that  the  grain  size  may  not  be  the 
only  factor  governing  the  soil  strength,  but  that  the  soil  plasticity 
may  also  be  of  considerable  importance.  The  above  discussion  Indicates 
that  seafloor  soils  tend  to  have  a wide  range  of  soil  strength  under 
cyclic  loading,  depending  on  the  density,  depositlonal  environment, 
cementation,  particle  size,  composition,  plasticity,  and  stress  history. 

Shock  Loading  and  Slow  Loading.  When  shock  loads  are  applied  to  a 
soil,  its  response  reflects  inertlally  Induced  stresses  as  well  as  the 
cyclic  loading  effects  previously  discussed.  On  the  other  hand,  when 
transient  loads  are  applied  slowly,  there  is  time  for  drainage  to  occur, 
so  that  the  building  of  pore  pressure  will  be  reduced  and  the  effects 
of  cyclic  loading  on  strength  reduction  will  be  mitigated.  Analytical 
methods  for  accounting  for  these  effects  are  being  finalized  at  CEL  and 
will  be  published  soon  (Gouda,  1976). 

Anchor  Parameters 

The  holding  capacity  of  an  embedment  anchor  depends  mainly  on  the 
following  anchor  parameters: 

(a)  Depth  of  embedment 

(b)  Buoyant  weight  of  anchor 

(c)  Angle  of  line  pull 

(d)  Size  and  shape  of  the  anchor  fluke 
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Other  parameters  of  significant  importance  for  consideration  de- 
pend on  the  type  of  anchors  used  (Beard  and  Lee,  1975).  For  the  CEL 
propellant-actuated  deep  water  embedment  anchors,  the  flat-plate 
configuration  promotes  the  establishment  of  soil  suction  forces  beneath 
the  anchor  fluke;  hence,  the  tendency  of  a shape  to  promote  such  suction 
is  an  important  parameter. 

Another  important  parameter  is  disturbance  (Rocker,  1977).  The 
fluke  disturbs  soil  during  penetration,  by  the  passage  of  the  leading 
edges  of  the  anchor  plate  and  any  protrusions.  The  shape  and  texture 
of  these  edges  affect  the  amount  and  extent  of  disturbance.  The  dis- 
turbed soil  increases  the  pulling  distance  required  to  set  the  anchor 
fluke,  resulting  in  a reduced  capacity  if  the  anchor  is  pulled  to  a 
shallower,  weaker  sediment  layer.  Once  the  fluke  is  set,  the  relatively 
small  zone  of  disturbed  soil  appears  to  have  only  a small  effect  on 
holding  capacity. 

Environmental  Parameters 

Environmental  parameters  may  influence  the  loading  of  an  anchor  or 
foundation  and  the  capability  of  the  supporting  soil  to  sustain  that 
loading.  Environmental  parameters  affecting  load  are  discussed  in  the 
following  section. 

There  are  several  environmental  characteristics  which  might  influ- 
ence the  soil  behavior.  The  two  most  significant  parameters  are  the 
pore  fluid  composition  and  the  temperature. 

Pore  Fluid.  Occasionally,  a submerged  marine  clay  is  encountered 
that  has  a history  of  being  previously  uplifted  above  sea  level.  When 
such  a clay  was  uplifted,  the  ground  water  percolating  through  the  clay 
was  of  much  lower  salt  content  than  seawater  (35  grams  of  salt  per  liter 
of  water).  Thus,  during  the  life  of  a "marine"  clay  there  might  occur 
a removal  of  the  salt  in  the  pore  fluid.  This  leaching  would  cause 
damage  in  Interparticle  forces  and  overall  properties  that  would,  in 
turn,  cause  the  sediment  to  behave  differently  from  a nonuplifted  sedi- 
ment, even  after  it  resubmerged  and  salt  was  reintroduced  into  the  pore 
fluid.  Also,  soluble  elements  in  the  deposited  soil  might  dissolve, 
raising  the  concentration  in  the  pore  fluid  of  certain  ions  and  com- 
pounds (notably  calcium,  magnesium,  iron,  carbonate,  sulfate,  and 
silica).  Changes  in  the  concentration  of  solutes  in  the  pore  fluid  can 
affect  the  shear  strength  of  the  soil. 

Temperature . Changes  in  temperature  act  on  the  soil  to  produce 
changes  in  soil  strength  and  response  rate  and  can  cnise  errors  in  dy- 
namic, static,  and  index  test  measurements.  A seaf  or  temperature  is 
typically  in  the  vicinity  of  A°C.  When  laboratory  .ests  are  conducted 
on  a soil  sample,  the  temperature  may  Increase  up  to  25°C  or  more.  If 
proper  precautions  are  not  taken,  such  a rise  in  temperature  would  cause 
pore  water  expansion  on  the  order  of  0.5%,  resulting  in  an  expansion  of 
the  soil  and  an  accompanying  decrease  in  soil  strength.  Also,  creep 
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rate  increases  with  increasing  temperature.  On  the  other  hand,  calcium 
carbonate  precipitates  as  temperature  increases,  creating  bonds  that 
increase  the  strength  of  soils  having  pore  fluids  that  are  already 
saturated  with  calcium  carbonate.  Because  a proper  accounting  for  all  of 
these  effects  is  difficult,  it  is  highly  advisable  to  maintain  the 
in  situ  temperature  during  the  handling,  storage,  and  testing  of  sea- 
floor soil  samples. 

Load  Parameters 

Dynamic  load  parameters  differ  according  to  the  type  of  loading. 

In  the  following  paragraphs,  predominant  types  of  dynamic  loading  are 
given  with  a brief  outline  of  their  relationship  to  cyclic  soil  behavior. 
This  Information  is  summarized  in  Table  3. 

Rapid  Cyclic  Loading  (With  Inertial  Forces) . 

(1)  Earthquake  Loads.  During  an  earthquake  an  element  of  a soil 
mass  is  subjected  to  a series  of  alternating  shear  stresses  which  vary 
in  magnitude  in  a somewhat  random  fashion.  Vertical  and  horizontal 
inertial  forces  are  created  along  with  the  Initial  overburden  stresses; 
these  inertial  forces  tend  to  increase  the  soil's  pore  pressure  progres- 
sively. This  can  lead  eventually  to  the  sudden  loss  of  strength  known 
as  liquefaction. 

(2)  Vortex  Shedding  (Cable  Strumming) . The  magnitude  of  the 
dynamic  load  increment  caused  by  cable  strumming  is  related  to  the 
current  velocity  and  the  cable  characteristics.  A theoretical  method 
is  presented  in  Appendix  A for  use  in  making  rough  predictions  of  load 
magnitude  and  frequency. 

Slow  Cyclic  Loading  (Without  Inertial  Forces) . 

(1)  Wave  Loads.  Soil  may  be  loaded  by  waves  directly,  as  they 
apply  varying  hydrostatic  pressure  to  the  seafloor  (shallow  water  only) 
or  indirectly,  as  they  apply  oscillatory  forces  to  a moored  object.  The 
possibility  of  ocean  waves  producing  liquefaction  in  sandy  silt  seafloor 
soils  is  somewhat  similar  to  the  problem  of  earthquake-induced  liquefac- 
tion of  soils.  However,  ocean  wave  excitation  differs  from  earthquake 
excitation  in  three  major  aspects: 

(a)  The  storm  waves  have  periods  considerably  longer  than  earth- 
quake loading. 

(b)  The  duration  of  an  ocean  storm  is  significantly  longer  than 
that  of  an  earthquake. 

(c)  The  probability  that  a structure  in  the  ocean  would  be 
subjected  to  storm  waves  is  much  higher  than  for  earthquakes. 

Dynamic  testing  of  soils  for  the  analysis  of  ocean  wave  loading 
effects  should  be  performed  under  a cyclic  frequency  of  approximately  1 
cycle  every  6 to  12  seconds,  which  corresponds  to  the  larger  typical 
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ocean  storm  waves.  Use  of  cyclic  tests  conducted  at  higher  frequencies 
may  be  feasible;  however,  it  is  not  presently  known  how  to  account  for 
the  effects  of  the  increased  drainage  occurring  between  less  frequent 
pulses . 


(2)  Current  Fluctuations.  For  most  Installations  in  soils  of  low 
permeability,  diurnal  or  other  fluctuations  in  current  will  occur  slowly 
enough  that  the  soil  will  respond  with  partial  drainage.  The  magnitude 
of  soil  loading  fluctuations  caused  by  current  fluctuations  will  be 
small  relative  to  other  types  of  cyclic  loading  in  most  Instances.  When 
required,  predictions  of  behavior  under  these  conditions  may  be  made 
analytically  from  a knowledge  of  the  response  of  similar  soils  to  more 
rapid  cyclic  loading,  by  accounting  for  the  effects  of  drainage  in  re- 
ducing the  buildup  of  excess  pore  pressures. 


Shock  Loading.  Shock  loading  may  be  produced  by  blast.  Impact, 
or  line  snap  loads. 


(1)  Blast  Loads.  An  underwater  blast  may  load  a moored  object, 
the  mooring  line,  the  seafloor  soil,  and  the  embedded  anchor.  Such 
loads  are  of  short  duration  for  conventional  explosions  but  may  endure 
for  large  fractions  of  a second  for  nuclear  blasts.  Blast  loading  ef- 
fects should  be  analyzed  by  considering  inertia  and  undrained  soil 
response  during  a single  pulse. 

The  effects  of  repeated  blasts  may  be  analyzed  by  considering  the 
soil's  incomplete  dissipation  of  pore  pressure  changes  between  succes- 
sive pulses. 

(2)  Impact  and  Line  Snap  Loads.  Motion  of  the  moored  object  may 

cause  a slack  line  to  be  pulled  straight  abruptly,  leading  to  sharp 
Increases  in  line  loading.  This  is  termed  line  snap.  Similar  sharp 

loads  may  be  caused  by  Impactive  loading  of  the  moored  object.  Such 

loads  should  be  considered  on  a case-by-case  basis.  The  number  of 
cycles  and  level  of  dynamic  load  Increment  will  depend  upon  the  type  of 

installation  and  the  source  of  external  loading  or  the  motion-inducing 

environment.  The  soil  will  respond  in  an  undrained  state  but  may  have 
time  for  drainage  (partial  or  complete)  between  Impacts.  Inertial  forces 
must  be  considered. 


AVAILABLE  TESTING  TECHNIQUES 


The  laboratory  tests  available  for  measuring  the  dynamic  mechanical 
properties  of  soils  directly  are  listed  below,  along  with  references 
describing  their  use. 


Cyclic  simple  shear  test 
Peacock  and  Seed  (1968) 
Finn  et  al. , (1971) 
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Cyclic  torsional  shear  test 
Ishlhara  and  Li  (1972) 

Cyclic  torsional  simple  shear  test 
Ishibashi  and  Sherif  (1974) 

Cyclic  triaxlal  shear  test 
Seed  and  Lee  (1966) 

Resonant  column  test 

Wilson  and  Dietrich  (1960) 

Hardin  and  Richart  (1963) 

Hardin  and  Music  (1965) 

Drnevich  et  al.,  (1967) 

Shake  table  test 

Finn  et  al.,  (1970b) 


Resonant  column  testing  has  become  a common  laboratory  procedure 
but  is  limited  in  relation  to  dynamic  soil  properties.  Its  primary 
drawback  is  that  it  can  be  used  only  for  low  shear  strain  amplitudes. 
Therefore,  it  is  limited  to  certain  types  of  dynamic  soil  testing. 

The  cyclic  simple  shear  test,  although  it  can  yield  reliable  data 
when  conducted  properly,  still  has  deficiencies  which  include  a large 
amount  of  wall  friction  and  an  inability,  in  the  circular  configuration, 
to  control  or  measure  the  effective  horizontal  stresses.  Moreover,  the 
cyclic  simple  shear  testing  device  does  not  produce  uniform  shear 
stresses  throughout  the  soil  sample. 

Cyclic  torsional  testing  devices  (simple  shear  or  triaxial)  are 
still  fairly  new,  and  research  work  is  still  needed  to  verify  their 
dynamic  results.  They  are  limited  to  certain  soil  sample  sizes  and 
shapes  and  to  a preparation  method  which  is  not  common  in  engineering 
practice . 

Finally,  the  cyclic  triaxial  testing  device  is  believed  to  be  the 
most  practical  testing  device  for  present  application  for  the  following 
reasons : 

(1)  The  test  is  simple  to  perform,  and  the  equipment  is  widely 
available  at  moderate  cost. 

(2)  Comparisons  of  dynamic  results  with  field  performance  indicate 
that  cyclic  triaxial  test  data  provide  a useful  basis  for  evaluating 
liquefaction  potential  in  the  field,  although  the  cyclic  shear  stresses 
causing  liquefaction  obtained  by  the  testing  device  should  be  reduced 

hv  30%  to  yield  conservative  predictions  of  stresses  causing  liquefac- 
tion in  the  field. 

(3)  The  cyclic  triaxial  testing  device  has  been  used  extensively 
by  several  researchers  with  very  reliable  and  repeatable  results. 
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INTERIM  DESIGN  METHODS 


General  Approach 

In  this  section,  interim  methods  are  given  for  carrying  out  speci- 
fied design  steps.  They  are  recommended  for  use  until  more  efficient 
methods  are  developed  from  the  results  of  ongoing  research. 

It  is  expected  that  future  methods  will  be  formulated  as  extensions 
and  refinements  to  the  present  design  methods.  Ongoing  research  includes 
the  detailed  analysis  of  soil  stresses  around  anchors  to  determine  their 
effects  on  relationships  between  anchor  loading  and  response.  These 
relationships  will  be  used  to  develop  Improved  design  methods  formulated 
around  the  present  single-degree-of-f reedom  idealization,  so  that  the 
user  will  have  to  consider  only  the  overall  relationships  (but  not  the 
stresses  on  individual  soil  elements). 

A reasonable  approach  to  the  prediction  of  anchor  behavior  for 
design  purposes  includes  the  following  steps: 

(1)  The  applied  loads  from  the  sources  mentioned  previously 

(LOAD  PARAMETERS  section)  are  separated  into  components,  and  each  cyclic 
component  is  characterized  in  terms  of  magnitude  and  frequency. 

(2)  The  overall  Interactions  between  the  loading  components  and 
the  system  are  assessed  in  order  to  evaluate  dynamic  load  magnification 
and  effective  damping. 

(3)  The  magnified  system  loads  are  expressed  in  terms  of  stresses 
on  soil  elements. 

(4)  The  responses  of  soil  elements  to  the  conditions  imposed  on 
them  are  determined  from  knowledge  of  soil  behavior.  Including  creep, 
drainage,  and  liquefaction  or  partial  strength  loss  under  dynamic  load- 
ing. 

(5)  The  response  of  the  system  is  expressed  in  terms  of  soil 
element  responses.  Any  changes  in  system  response  affecting  overall 
load-system  interaction  are  used  to  correct  the  dynamic  load  magnifica- 
tions and  load-stress  relationships  iteratively.  Predictions  are 
continued  until  the  loading  and  the  resulting  responses  (including  long- 
term responses,  such  as  creep),  are  completed,  or  until  failure  occurs. 

Line  Loads 

A dynamic  line  load  is  resolved  into  static,  cyclic,  stepped,  and 
impact  components.  The  cyclic  components  are  characterized  in  terms  of 
magnitude  and  frequency.  The  probability  of  occurrence  of  each  compo- 
nent may  be  evaluated  so  that  an  overall  probability  of  failure  may  be 
determined  for  the  anchored  system  after  the  failure  effects  of  the 
loading  components  are  determined. 

With  this  idealization,  the  cable  and  anchor  normally  will  be  stiff 
relative  to  the  soil,  so  that  most  of  the  resiliency  and  dampening  in 
the  system  will  come  from  the  soil  surrounding  the  anchor.  As  this  soil 


will  fail  under  excessive  strains,  low  to  moderate  levels  of  strain  are 
sought  (depending  upon  the  number  of  loading  cyclic  anticipated  for  the 
life  of  the  system).  A low-value  damping  factor  — say  0.02  to  0.05  -- 
would  result.  A soil  mass  equal  to  that  contained  in  the  smallest 
sphere  (for  a circular  or  square  plate)  or  ellipsoid  (for  a rectangular 
plate)  surrounding  the  anchor  acts  in  concert  with  the  anchor  and  cable 
mass.  The  system  should  be  analyzed  to  obtain  dynamic  load  factors  for 
the  dynamic  loading  frequencies  of  concern,  which  should  be  multiplied 
by  the  magnitudes  of  those  dynamic  loads.  The  sum  of  these  products 
and  the  static  load  is  the  total  design  load. 

The  anchor,  soil,  and  cable  are  first  incorporated  into  a lumped 
mass  model  (spring-mass-damper  system);  the  anchor  and  its  cable  are 
the  total  mass  of  the  system  and  the  damping  carried  by  the  surrounding 
soil.  Hence,  the  motion  of  the  anchor  during  dynamic  loading  may  be 
approximated  by  rigid  body  motion  (see  Figure  16).  The  side  frictional 
force  is  assumed  to  be  equal  to  zero;  its  effect  (if  any)  may  be  incor- 
porated with  the  suction  force.  The  suction  force  is  usually  very  high 
at  the  initial  displacement,  tending  to  decrease  with  the  decrease  of 
embedment  depth.  The  total  suction  force  along  the  bottom  side  of  the 
anchor  fluke  will  be  determined  from  Figure  6 for  the  relative  embedment 
depth  ratio  of  concern. 

The  net  soil  dynamic  resistance  force  Fj.(t)  is  equal  to  the  dif- 
ference betewen  the  applied  anchor  load  and  the  sum  of  the  suction  force 
and  the  total  inertial  force,  as 

F^(t)  = F^(t)  - Fg(t)  - M z(t)  (1) 

where  F^(t)  = total  uplift  force  (static  plus  dynamic) 

F^(t)  = total  suction  force  along  the  bottomside  of  the  fluke 
M = total  mass  of  anchor  plus  cable  plus  oscillating  soil 
i!(t)  = measured  acceleration 

For  static  loading,  the  holding  capacity  has  been  given  by  Taylor 
and  Lee  (1972)  as 

H = A.  (cN  + Y.  D N ) (0.84  + 0.16  B/L)  (2) 

s t c b q 

2 

where  A^  = fluke  plan  area  (ft  ) 

c = unit  soil  cohesion  (psf) 

Y,  = buoyant  unit  weight  of  soil  (pcf) 

D 

D = fluke  embedment  depth  (ft) 

B = fluke  diameter  or  width  (ft) 

L = fluke  length  (ft) 


N & N 
c q 


Holding  capacity  factors  that  depend  on  the  type  of  loading, 
soil  type  and  density,  and  the  relative  embedment  depth  (D/B) 


Values  of  N^-and  Nq  are  given  in  Figure  17  for  cohesive  and  noncohesive 
soils.  For  further  details.  Including  methods  for  determining  the 
required  parameters,  the  reader  is  referred  to  the  "Handbook  for  uplift- 
Resistlng  Anchors"  by  R.  Taylor  et  al,  Sep  1975. 

Equation  2 accounts  for  the  effects  of  the  soil's  resistance  to 
deformation  under  the  application  of  stresses  by  an  upwardly  applied 
anchor  line  load.  However,  for  dynamic  loading,  the  effects  of  repeated 
load  application  on  soil  strength  and  the  effects  of  inertia  on  loading 
also  must  be  accounted  for. 

The  effects  of  the  inertia  of  the  anchor,  mooring,  and  soil  acting 
as  a single-degree-of-f reedora  system  may  be  treated  by  lumping  moving 
masses,  with  the  soil  mass  equal  to  an  "effective"  value  given  by  the 
mass  of  soil  enclosed  by  a sphere  or  ellipsoid  surrounding  a circular, 
square,  or  rectangular  anchor  plate.  As  discussed  in  Appendixes  B,  C, 
and  D,  these  effects  might  result  in  significant  load  magnifications  for 
some  occasionally  encountered  conditions,  but  should  produce  a dynamic 
response  equal  to  the  quasi-static  response  to  the  peak  dynamic  load 
for  a majority  of  typical  mooring  requirements. 

The  effects  of  repeated  loading  on  the  soil  surrounding  an  anchor 
are  best  analyzed  by  considering  the  responses  of  soil  elements  to 
static  loading  and  then  determining  how  they  change  when  the  loading  is 
not  static.  The  soil's  resistance  to  deformation  that  gives  rise  to  the 
holding  capacity  given  by  Equation  2 may  be  broken  down  into  element 
resistances  by  finite  element  analysis  in  a manner  similar  to  that 
employed  by  Beard  (1974),  for  example.  Typical  stresses  are  shown  in 
Figures  18  and  19;  these  figures  may  be  used  as  a guide  for  interpola- 
tion to  obtain  rough  estimates.  The  same  relationships  between  load 
and  stress  may  be  used  to  estimate  both  the  static  and  the  dynamic  com- 
ponents of  stress  at  various  points  around  the  anchor. 

The  soil  response  to  stresses  determined  as  discussed  above  may  be 
obtained  by  using  data  such  as  that  presented  in  Figure  11.  However, 
for  common  seafloor  soils,  results  of  more  recent  studies  (Herrmann  and 
Houston,  1976)  may  be  utilized.  These  studies  showed  that  an  of  ten- 
critical  condition  exists  in  a region  where  the  static  component  of 
shear  stress  is  low,  thus  permitting  shear  stress  reversal  even  when  the 
magnitude  of  the  dynamic  component  is  low.  Such  a region  exists  beneath 
an  upward-loaded  anchor  plate  as  a result  of  the  combined  effects  of 
sediment  overburden  stresses  and  anchor-induced  stresses.  The  reduced 
soil  strengths  in  various  regions  around  the  anchor  should  be  used  in 
an  equilibrium  equation  involving  the  overall  load,  in  order  to  deter- 
mine the  corresponding  Increase  in  stresses  in  other  regions,  for  use  in 
the  subsequent  iterative  determination  of  soil  response.  As  this 
redistribution  causes  a reduction  in  system  stiffness,  the  subsequent 


iteration  also  involves  the  re-examination  of  dynamic  load  factors,  as 
discussed  in  Appendixes  B,  C,  and  D.  The  iteration  process  eventually 
will  lead  to  the  prediction  of  failure  if  the  selected  anchor  is  smaller 
than  the  sought  critical  size  for  the  considered  mooring  and  earthquake 
loads . 

Sediment  Loads 

The  soil  surrounding  a loaded  embedment  anchor  is  a part  of  the 
overall  load-transmitting  system.  As  such,  this  soil  is  loaded  by  the 
remainder  of  the  sediment  around  and  above  it.  In  addition  to  static 
overburden  loading,  dynamic  loads  may  be  Induced  by  wave  action,  a near- 
by blast,  an  earthquake,  or  other  environmental  disturbances.  The  wave- 
lengths of  such  loadings  are  large  in  comparison  to  the  size  of  an 
anchor;  hence,  the  situation  may  be  idealized  as  a rigid  anchor  in  a 
medium  that  is  not  distorted  by  the  loading  waves,  but  only  by  the 
relative  motion  of  the  anchor. 

The  sediment  load  produces  (1)  soil  stresses  throughout  the  soil  by 
internal  waves  that  arise  from  soil  inertia  and  (2)  higher  soil  stresses 
in  the  soil  around  the  anchor  because  the  total  effective  mass  of  the 
anchor  and  any  connected  masses  is  different  (usually  larger)  than  the 
mass  of  the  displaced  soil.  The  combined  dynamic  and  static  stresses 
influence  soil  behavior  and  hence  anchor  performance. 

Free-field  soil  stresses  induced  by  sediment  loading  may  be 
calculated  by  using  conventional  relationships  of  static  and  wave 
mechanics.  The  stresses  Induced  in  the  soil  surrounding  a loaded  anchor 
may  be  calculated  on  the  basis  of  a single-degree-of-freedom  idealiza- 
tion, by  first  determining  the  effective  anchor  load  as  the  product  of 
the  effective  mass  and  acceleration  of  the  soil  medium  caused  by  the 
sediment  loading,  and  then  quasi-stat ically  determining  stresses  from 
relationships  such  as  those  depicted  in  Figures  18  and  19.  Dynamic  load 
magnification  considerations  are  included  in  this  idealization.  The 
resulting  stresses  would  then  be  used  to  determine  the  dynamic  response 
of  the  soil  in  the  same  way  as  for  line-load-induced  stresses. 

Earthquake  Loads 

Earthquakes  have  a potential  for  loading  an  anchor  line  and  the 
sediment  simultaneously.  The  determination  of  the  response  of  an  anchor 
during  an  earthquake  Involves  the  following  steps: 

(1)  The  magnitudes  and  phasing  of  line  loads  are  determined  from 
the  earthquake  Intensity  with  respect  to  the  moored  mass,  orientation, 
and  configuration  of  the  mooring. 

(2)  The  magnitudes  and  phasing  of  sediment  motions  and  che  result- 
ing effective  inertial  loads  on  the  anchor  are  determined  from  the 
intensity  and  direction  of  the  earthquake  shaking  at  the  site. 
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(3)  The  combined  effects  on  soil  stresses  are  determined  from 
vector  sums  of  the  combined  dynamic  and  static  loads  in  various  poten- 
tially critical  directions,  using  the  quasi-static  load-stress  relation- 
ships , 

(4)  The  soil  response  to  the  applied  stresses,  the  resulting 
system  response,  and  feedback  effects  are  determined  in  a way  similar  to 
that  used  for  a line  load  or  a sediment  load  acting  alone. 

It  is  noted  that  the  resonance  effects  leading  to  possible  dynamic 
load  magnification  are  included  in  the  single-degree-of-freedom  idealiza- 
tions required  in  steps  (1)  and  (2).  Although  this  procedure  Involves 
a linear  superposition  of  effects,  several  iterations  through  the  steps 
involving  dynamic  load  magnification,  stress  determination,  and  dynamic 
soil  response  should  yield  results  that  account  for  the  nonlinear  inter- 
actions of  these  factors. 

Design  Features  for  Reducing  Dynamic  Effects 

The  effect  of  additional  dynamic  line  loads  may  be  eliminated  or 
reduced  by  using  shock-abosrblng  elements  in  the  line  that  will  tend  to 
dissipate  the  dynamic  force  and  thus  allow  only  small  load  variations 
to  reach  the  embedded  anchor  fluke.  The  effect  of  such  elements  in 
reducing  load  variations  is  easily  accounted  for  in  design  calculations. 
Reductions  will  be  more  pronounced  for  higher-frequency  dynamic  loadings. 
As  an  example,  a section  of  synthetic  line  (low  modulus)  between  the 
anchor  and  the  bulk  of  the  mooring  line  (high  modulus)  would  reduce 
to  an  Insignificant  level  the  magnitude  of  strummlng-induced  axial  force 
oscillations  reaching  the  anchor. 

Analytical  Example 

Basis . In  the  following  example,  steps  are  carried  out  for  deter- 
mining whether  or  not  a proposed  anchor  is  safe.  A comprehensive 
procedure  based  upon  the  aforementioned  approach,  consists  of  the 
following  steps: 

(1)  Design  parameters  are  stated. 

(2)  The  relative  embedment  depth  is  determined. 

(3)  The  type  of  soil  is  Identified. 

(4)  The  soil's  undrained  shearing  strength  is  determined. 

(5)  The  dynamic  soil  shearing  strength  is  determined  from  an 
assumed  ratio  of  loading  to  failure  strain.  _ 

(6)  The  holding  capacity  factors  and  are  determined. 

(7)  The  quasi-static  anchor  holding  capacity  is  determined  from 
equation  2. 

(8)  The  total  holding  capacity  is  determined  considering  the 
dynamic  effects  described  in  Appendixes  B,  C,  and  D. 

(9)  If  the  resulting  load-to-capacity  strain  ratio  exceeds  that 
assumed  in  step  5,  a further  iteration  of  step  5 through  9 is  needed. 
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Also,  the  dynamic  effects  described  In  Appendixes  B,  C,  and  D (step  8) 
are  affected  by  strain. 

A simplified  procedure  is  warranted  in  many  cases.  The  dynamic 
soil  shearing  strength  Is  assumed  to  be  less  than  the  static  strength 
by  20%  as  long  as  the  cyclic  strains  are  limited  to  less  than  half  of 
the  static  failure  strain.  As  the  applied  anchor  loads  are  slow  in 
comparison  with  the  natural  frequency  of  the  moored  system,  the  total 
anchor  holding  capacity  (Hx)  can  be  determined  without  considering  the 
dynamic  load  magnifications  described  in  Appendixes  B,  C,  and  D. 

The  example  given  below  is  limited  to  this  simplified  procedure. 

Supposi t ion . A direct  embedment  anchor  with  a 3-ft-diam  fluke  is 
to  be  embedded  in  stiff  clay  soil  up  to  a depth  of  10  feet.  The  anchor 
is  to  hold  a surface  buoy  in  position  for  several  years.  Figure  20  gives 
a vane  shear  strength  profile  for  the  type  of  seafloor  encountered. 

The  buoyant  unit  weight  is  stipulated  to  be  35  pcf  throughout  the  soil 
profile,  with  the  soil  sensitivity  equal  to  two.  The  anchor  holding 
capacity  (combined  static  and  dynamic)  is  to  be  determined  for  the 
following  conditions. 

Mooring  Characteristics: 

Water  Depth,  W.D.  = 50  ft 

Cable  Length,  Lc  = 150  ft 

Scope,  ^ = 1.5 

W.D. 

Storm  Condition: 

A severe  storm  is  assumed.  The  equivalent  cyclic  plus  static  peak 
load  is  stipulated  to  be  2,000  pounds  at  0.1  Hz,  occurring  for  a total 
of  75  days  on  the  average  during  a 3-year  period. 

Solution. 

(1)  Design  parameters  are  stated  as  follows: 


D = 

10 

ft 

B = 

3 

ft 

L = 

3 

ft 

""f  = 

7, 

.06  ft 

^b  = 

35 

pcf 

(2)  The  relative  embedment  depth  is  determined: 
D/B  = 10/3  = 3.3 
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(3)  The  type  of  soil  is  identified  as  a stiff  clay  soil  (cohesive 
soil)  . 

(A)  The  soil's  undrained  shearing  strength  is  determined  from  the 
given  vane  shear  strength  profile  (Figure  20)  at  the  given  depth  of 
embedment  (10  ft); 

S = 338  psf  = 2.35  psi 

u 

(5)  The  dynamic  soil  shearing  strength  is  determined.  For  dynami- 
cally loaded  soils,  if  the  cyclic  strains  are  limited  to  less  than  half 
of  the  static  failure  strain,  the  soil  static  strength  value  Su  will  be 
reduced  by  20?  at  most  (see  Figure  13).  Therefore,  the  dynamic  soil 
shear  strength  is: 

= 270  psf  = 1.9  psi 

(6)  The  holding  capacity  factors  N^.  and  Nq  are  determined  for 

c = Sp  = 1.9  psi 

D/B  = 3.3 

0=0  deg 

From  Figures  17a  and  17b: 

N = 8.0 

c 

N =1.0 

q 

(7)  The  quasi-static  anchor  holding  capacity  is  determined  from 
Equation  2; 

H = A,  (c  N + y,  D N ) (0.84  + 0.16  B/L) 

s t c D q 

= 7.06  (270  X 8 + 35  X 10  X 1)  (0.8A  + 0.16  x 3.3) 

= 17,740  lb 

(8)  The  total  holding  capacity  H.j.  is  determined.  As  the  applica- 
tions of  load  are  slow  in  comparison  with  the  natural  frequency  of  the 
moored  system,  no  dynamic  load  magnifications  are  expected.  Hence, 

= H = 17,740  lb 

1 s 
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(9)  The  total  holding  capacity  is  compared  with  the  expected  load. 
H.|,  = 17,740  lb  > 2,000  lb  (due  to  wave  force) 

Hence,  the  anchor  is  predicted  to  hold.  As  the  dynamic  capacity,  com- 
puted from  the  assumptions  made  in  steps  5 and  8,  is  very  much  higher 
than  the  loading,  the  assumptions  are  on  the  conservative  side,  and  no 
further  iterations  are  necessary. 


CONCLUSIONS 

The  conclusions  of  this  study  are  as  follows: 

(1)  The  static  and  dynamic  soil  parameters  relevant  to  the  holding 
capacity  of  deeply  embedded  propellant-actuated  anchors,  are  the  soil 
moduli,  creep,  suction,  cyclic  strength  loss,  stress-strain  relation- 
ships under  dynamic  loading,  and  responses  to  shock,  and  slow  loading. 
Also,  environmental  parameters  of  soil  pore  fluid  composition  and 
temperature  that  are  unrelated  to  load  affect  soil  properties. 

(2)  The  anchor-related  parameters  in  the  anchor-soil-load-environ- 
ment  system  relevant  to  holding  capacity  are  (a)  the  anchor  embedment 
depth,  buoyant  weight,  angle-of-line  pull,  and  size  and  shape  of  fluke; 
and  (b)  magnitudes  of  the  static  and  dynamic  components  of  loading  and 
the  dynamic  loading  period  for  loads  produced  in  the  line  by  current 
fluctuations,  waves,  vortex  slieddlng.  Impact,  or  line  snap  and  for  loads 
produced  more  or  less  s imul taneiously  in  the  line  and  the  sediment  by 
earthquakes  or  underwater  blasts. 

(3)  Of  the  available  dynamic  test  methods,  the  cyclic  triaxial  test 
is  recommended  for  determining  the  response  of  soils  to  the  stress  con- 
ditions that  would  occ\ir  around  a dynamically  h'aded  embedment  anchor.* 

(4)  The  derived  design  method  for  determining  the  dynamic  holding 
capacity  of  embedment  anchors  is  suitable  for  interim  use  by  design 
engineers.  Tt  is  expected  that  this  method  will  be  refined  following 
the  completion  of  current  research  on  seafloor  soils.  The  example  given 
at  the  end  of  "Interim  Design  Methods"  demonstrates  the  use  of  this 
method  and  provides  the  user  with  insight  into  the  assumptions  required 
to  evaluate  the  pertinent  factors  and  parameters. 

RECOMMENDATIONS 

It  is  recommended  that  the  design  guidelines 
be  used  in  seafloor  engineering  Involving  dynamic 


*Knowledge  of  cyclically  loaded  soil  response  may 
loading  and  shock  loading  by  using  the  results  of 
will  be  published  in  the  near  future. 


given  in  this  report 
loading  (particularly 

be  extended  to  slow 
current  CEL  work  that 
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in  the  engineering  of  embedment  anchors  to  sustain  dynamic  loading) 
until  improved  versions  are  developed.  Field  data  from  dynamically 
loaded  embedment  anchor  moorings  in  actual  use  and  other  operating  sea- 
floor structures  should  be  collected  over  extended  periods  of  time  for 
use  in  verifying  and  refining  the  presently  available  design  methods. 

FUTURE  RESEARCH 

Dynamic  and  static  tests  of  anchors  embedded  at  selected  seafloor 
sites  will  be  conducted  along  with  extensive  investigations  of  the  sedi- 
ment properties  to  provide  data  in  greater  detail.  These  data  will  be 
used  together  with  results  of  current  soil  property  tests,  model  anchor 
tests,  and  mathematical  modeling  studies  to  refine  the  simplified  lumped 
mass  model  described  in  this  report,  and  to  refine  the  inputs  to  that 
model  used  to  represent  the  relevant  sediment  properties.  The  results 
of  this  work,  which  will  supersede  the  guidelines  reported  here,  will 
be  promulgated  in  a final  report  that  should  be  available  in  1978. 
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Figure  2.  Shear  modulus  determinations  for  San  Francisco 
Bay  mud  (after  Seed  and  Idriss,  1970). 
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Thiers  and  Seed  (1969). 
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(a)  Hs/AC=  11.9 


Figure  18.  Normalized  shear  stress  distributions 
at  normalized  loads  on  a circular  anchor  plate 
with  full  suction,  in  an  elasto-plast ic  soil 
( f rom  Beard , 1974). 
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Figure  20.  Typical  undrained  shear 
•strength  profile  for  cohesive  sea- 
floor soils  (after  Lee,  1971). 
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Table  1.  Engineering  Properties  of  Typical  Seafloor  Soils 
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*Average  over  the  Indicated  depths  of  sampling 


Table  3.  Nature  of  Dynamic  Loads  Affecting  Embedment  Anchors 


Load  Source 

Loading 

Period^ 

Magnitude  Ratio  of  Dynamic  (Peak-to- 
Peak)  Component 
to  Static  Component 

Possible  Range 

Likely  Value  in 
Deep  Ocean 
Submerged  Mooring 

Loads  in  Line^ 
caused  by: 

— Current 

— Fluctuations 

1 Hour  to 
1 Year 

Up  to  1 

0.05 

— Waves 

2 to  20 
Seconds 

Up  to  1 

0.005 

— Vortex 
Shedding 

0.5  to  1 Second 

0.005  to  0.05 

0.01 

— Impact  or 
Line  Snap 

0.01  to  1 
Seconds 

Up  to  5 

0.2 

— Earthquakes 

0.1  to  2 
Seconds 

Up  to  0.1 

0.05 

— Underwater 
Blasts 

0.01  to  0.1 
Seconds 

Up  to  0.2 

0.01 

Loads  in  Sedl- 

Q 

ment  caused  by: 

— Earthquakes 

0.1  to  2 
Seconds 

Up  to  . 5 

0.1 

— Underwater 
Blasts 

0.01  to  0.1 
Seconds 

Up  to  5 

0.01 

a The  effective  period  of  a one-time  step 

loading  is  taken  as  five  times  the  rise  time, 
b Static  component  is  anchor  working  load. 

c Static  component  is  soil  stress  under  anchor  working  load. 
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Appendix  A 

LOADS  FROM  VORTEX  SHEDDING  (CABLE  STRLTiMING) 


A constant  static  buoyant  load  from  a buoy  is  assumed  on  the  upper 
end  of  the  cable.  An  oscillating  force  in  the  cable  applied  to  the  buoy 
u'ill  create  oscillatory  motions  having  an  insignificant  amplitude  for 
the  frequencies  of  concern.  Hence,  the  initial  length  and  the  span  of 
the  cable  may  be  assumed  to  be  equal.  For  a sagging  cable,  these  as- 
sumptions also  are  valid  in  the  biaxial  curvilinear  coordinate  system 
having  axes  along  and  perpendicular  to  the  static  cable  axis. 

For  a cable  of  initial  length  and  fixed  span  L,  the  stretched 
length  in  the  deflected  shape  of  n/2  full  sine  wave  cycles  having  an 
amplitude  a is 


S = L 
n 


t * i (^) 


The  strain  is 


S - L 
n 


1 / n IT  a \ 

4 \ L / 


(A-2) 


Cable  strumming  occurs  when  the  excitation  frequency  corresponds  to  the 
resonant  frequency  of  the  cable  in  water.  The  excitation  frequency  is 


where  V = current  velocity 

D = cable  diameter 
c 

The  resonant  frequency  is 


— f-'l 

2 L \ m / 


where  T = cable  tension 

m = cable  mass  per  unit  length 


Equating  the  two  frequency  expressions  (Equations  A-3  and  A-4)  and 
solving  for  n gives 


n 


2 L 


(A-5) 


Substituting  this  expression  for  n into  Equation  A-2  gives 


2 

/ l/2\ 

/ TT  a\ 

2 T ^ 1 

\ L / 

^ ^ 5 D \_l/2  / 

c\T  / 

TT^  a^  / h \}  m 

4 \25  D ^ T 

c 


7T^  a^  A m \/v^  tt\ 

V d/;\  " / 


(A-6) 


but  the  volumetric  equivalent  for  the  mass  per  unit  length  is 


m = 


(A-7) 


where  p = cable  mass  per  unit  volume 

Solving  Equation  A-7  for  p and  combining  the  result  with  Equation  A-6 
gives 


/v  a Tt\  ^ p TT  (A-8) 

^s  " \ 10  / T 

The  dynamic  load  increment  is  the  product  of  the  elastic  modulus,  the 
cable  area,  and  the  strain  Increment  caused  by  strumming: 

ir  D ^ 

AT  = E — G (A-9) 

4 s 


! 
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Substituting  equation  A-8  into  Equation  A-9  and  dividing  by  T gives 
the  relative  dynamic  load  increment  as: 


or 


(A-lOa) 


(A-lOb) 


Example  calculations  are  presented  in  Table  A-1  to  illustrate 
relative  values  of  the  dynamic  load  increment  for  a typical  deepwater 
mooring.  As  shown,  the  dynamic  load  increment  is  about  V.  of  the  static 
load  for  a current  2 knots,  and  nearly  5%  for  a current  of  3 knots.  As 
the  number  of  cycles  during  a 10-year  life  span  in  a 2-knot  current  is 
about  2.2  X 10^,  the  effect  of  this  type  of  dynamic  loading  on  anchor 
holding  capacity  is  potentially  significant.  Soil  test  data  are  needed 
at  these  low  levels  of  load  and  high  numbers  of  cycles  to  enable  pre- 
dictions to  be  made  of  these  effects. 
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Table  A-1.  Example  Values  of  Relative  Dynamic 
Load  Increment  for  a Strumming  Cable 


Current  Velocity,  V 

Relative  Dynamic 
Load  Increment  A'^'/T 

' 

Frequency,  f^  = — 

(ft/s) 

(knots) 

(Hz) 

0.5 

'0.30 

0.00046 

1 

1.0 

0.59 

0.00185 

2 

1.5 

0.89 

0.0042 

3 

2.0 

1.18 

0.0074 

4 

2.5 

1.48 

0.0116 

5 

3.0 

1.78 

0.0166 

6 

3.5 

2.07 

0.0227 

7 

4.0 

2.37 

0.0296 

8 

4.5 

2.66 

0.0375 

9 

5.0 

2.96 

0.0463 

10 

Notes : 

(1) 

1 knot 

= 1.689  ft/s 

(2) 

AT 

. / V a IT 

T 

^ \ i lOT  ) ° " 

where  T (cable  tension)  = 20,000  lb 

2 4 

p (cable  mass  per  unit  volume)  = 15  Ib-s  /ft 

2 2 

A (cable  cross-sectional  area)  = it  D /4  = 0.007854  ft 

c 

a (strumming  amplitude)  = D (cable  diameter)  = 0.1  ft 

^ 7 2 

E (cable  tensile  elastic  modulus)  = 200  x 10  Ib/ft 


Then 


or 


T 


(23.2  ft/s) 

= (-^5^) 


^ ^ / V 

T yi3.8  knots / 


296  knots  / 
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Appendix  B 


RADIATION  DAMPING  AND  STIFFNESS 


1 

In  a lumped  system  the  dashpot  usually  represents  the  damping  of 
the  soil.  Two  types  of  damping  are  usually  considered.  One  is  caused 
by  the  loss  of  energy  through  stress  wave  propagation  throughout  the 
surrounding  soil  in  a soil-mass  system  (in  our  case  an  soil-anchor 
system);  this  damping  is  commonly  known  as  "radiation  damping".  The 
other  type  of  damping  is  associated  v.’lrh  Internal  energy  losses  within 
the  soil  due  to  hysteretic  and  viscous  effects.  Usually  the  internal 
damping  is  neglected  because  it  is  small  relative  to  the  radiation 
damping . 

By  definition  the  damping  ratio  (Dj^)  is  the  ratio  of  the  damping 
value  to  the  critical  damping  value. 


where 


c = 2 \ km 


c'  = damping  constant 
k = stiffness  constant 
m = mass  constant 


(B-1) 


Hardin  and  Drnevich  (1972)  derived  expressions  for  the  soil's 
elastic  response  at  a given  strain  as  follows.  A vefevenae  strain, 
was  defined  in  terms  of  the  plasticity  index  (P.I.),  the  effective 
vertical  stress,  and  the  overconsolidation  ratio  as  shown  in  Figure  B-1. 
Next,  a hyperbolic:  strain  was  defined  in  terms  of  the  reference  strain 
and  the  given  soil  strain  level  of  concern,  as  shown  in  Figure  B-2. 

Then,  a maximum  value  of  shear  modulus  was  expressed  as 


G 

max 


1230  (2.973  - e)^ 
(1  + e) 


_l/2 

(OCR)  K 0 

o 


(B-2) 


in  which  e 


OCR 

a 

o 


void  ratio 

overconsolidation  ratio 

2 

mean  principal  effective  stress  (Kg/cm  ) 


K = coefficient  of  lateral  stress  which  depends  on  the 
plasticity  index  as  shown  in  Table  B-1. 


A9 


(Alternatively, 
vibration  testing). 


may  be  evaluated  by  seismic  testing  on  laboratory 


Similary,  a maximum  value  of  damping  ratio  was  expressed  for  saturated 
cohesive  soils  as 

D„  = 31  - (3  + 0.03  f)  5 + 1.5f^^^  - 1.5  (log  n)  (B-3) 

R o 

max 

where  f = frequency,  cycles/s. 

Finally,  ratios  between  the  values  of  Dj^  and  G of  concern  and  their 
corresponding  maxima  were  expressed  in  terms  of  the  hyperbolic  strain 
as  shown  in  Figure  B-3. 

The  following  example  illustrates  the  use  of  this  method. 

Problem:  It  is  desired  to  determine  the  values  of  modulus  and 
damping  for  the  tenth  cycle  of  loading  at  a depth  of  20  feet  in  a 
saturated  silty  clay  layer  of  soil.  Pertinent  conditions  are: 

f = 1 cps 

e (at  20  ft)  = 0.95 

P.I.  = 32% 

n = effective  stress  = 9 psi  (at  20  ft) 

V 

Y = shear  strain  of  soil  = 0.1% 

= 10  X 10““^ 

soil  is  normally  consolidated 

Solution : From  Figure  B-1  for  P.I.  = 32%  and  e = 0.95 

= 1.2  X 10"^  = 0.00012 

o 

The  value  of  the  effective  stress  corresponding  to  a depth  of  20  feet  is 
9 psi.  Hence,  the  reference  strain  can  be  obtained: 

= 3.2  X 10"^ 

or  _4 

Y = 3.6x10  in . / in . 

r 
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[ 


= (10  X 10  ‘^)/(3.6  X 10 


2.8 


For  these  values  of  effective  stress  and  strain  ratio,  Figure  B-2  gives 
the  hyperbolic  strain  (vh)  for  damping  as  being  equal  to  2.9.  Then 
from  Figure  B-3,  the  following  values  are  obtained: 

Dr 

= 0.26  and  = 0.74 

max 

B-3,  the  corresponding  maxima  are 


max 


From  Equations  B-2  and 


and 


G 

max 


6,800  psi 


= 29% 

max 


Then  the  required  value  of  the  shear  modulus  is 


G = 0.26  (G  ) 

max 

= 0.26  X 6,800  = 1,770  psi 

and  the  required  value  of  the  damping  ratio  is 

= 0.74  (D^  ) 

max 

= 0.74  X 0.29  = 0.2149  = 21.5% 

The  value  of  the  damping  ratio  is  usually  in  the  range  of  4%  to  23% 
(Hardin  and  Drnevich,  1972),  depending  on  the  type  of  soil  encountered, 
for  a shear  strain  amplitude  of  less  than  0.1%.  For  seafloor  soils 
under  Increased  strain  levels,  somewhat  higher  values  of  damping  ratio 
would  be  appropriate. 


( 


I 
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Shi-ar  Strain 


Hcfcrcncc  Shear  Strain 

[•■Igiiro  B-2.  Hyperbolic  strain  versus  normalized  sliear  strain 
for  damping  in  saturated  cohesive  soils  (after 
Hardin  and  Drnevich,  1972). 


Hyperbolic  Strain.  7^ 


Figuri"  B-3.  Rclat  ion.sliip  between  normalized  shear 
modulus  and  damping  ratio  for  all  soil 
versus  liyperbolie  strain  (from  Hardin 
and  Drnevich,  1972). 


Table  B-1.  Values  for  Coefficient  of  Lateral 
Stress  and  Plasticity  Index 


Appendix  C 


DYNAMIC  LOAD  MAGNIFICATION 


When  a system  consisting  of  an  anchor,  a seafloor  soil,  an  anchor 
cable,  and  an  anchored  object  is  loaded  dynamically,  its  response  may  be 
amplified  if  the  loading  frequency  is  near  a resonant  frequency  of  either 
the  system  or  a portion  of  the  system.  This  "dynamic  load  magnifica- 
tion" may  be  evaluated  by  using  textbook  methods  directly  for  some  modes 
of  load  application  and  by  augmenting  these  methods  with  judgment  for 
others . 

Such  a method  is  presented  here  for  the  vertical  excitation  of  an 
embedded  anchor  plate  that  is  used  to  moor  an  object  subjected  to 
vertical  loading  from  waves,  with  the  anchor  line  experiencing  cable 
strumming.  Figure  C-1  shows  values  of  the  magnification  factor  M for 
surface  footings  for  various  values  of  the  mass  ratio  plotted  against 

the  dimensionless  frequency  aQ.  In  order  to  use  this  figure  for  embed- 
ded plates,  the  applied  load  and  the  mass  of  the  anchored  system  should 
each  be  cut  in  half,  so  that  the  resulting  half-space  representation 
will  correspond  to  the  idealization  used  as  a basis  for  the  figure. 

With  this  adjustment,  the  resulting  predictions  do  not  require  adjust- 
ment . 

Typical  relevant  parameters  are  given  in  Table  C-1  for  small, 
medium,  and  large  anchors.  The  loads  from  waves  and  strumming  are 
considered  separately,  and  corresponding  approximations  are  given  for 
the  effective  vertically  oscillating  masses  (including  water-added  mass, 
for  the  wave  loading).  As  shown,  values  of  range  from  0.08  to  20, 
and  values  of  dimensionless  loading  frequency  range  from  0.003  to  0.09. 
The  responses  at  resonance  are  shown  in  Figure  C-2,  with  predictions  of 
magnification  factor  at  resonance  M^^  extended  to  high  values  of  B^  by 
the  indicated  formulas.  It  is  apparent  that  considerable  magnification 
might  be  expected  for  conditions  approaching  resonance.  However,  for 
the  relatively  low-frequency  cases  given  in  Table  C-1,  Figure  C-1  shows 
that  values  of  M^  are  essentially  unity. 

Although  these  values  are  representative  of  common  anchor  applica- 
tions, It  is  possible  that  loadings  would  be  nearer  to  resonance  and 
hence  higher  magnifications  would  occur  for  rapidly  loaded,  high-mass 
systems  In  weak,  low-modulus  soils.  Hence,  each  specific  case  should  be 
considered  carefully  to  determine  if  a value  of  M^  greater  than  unity 
should  be  applied  to  loading  magnitudes. 

Transient  loadings  are  not  covered  directly  by  the  above  analysis. 

A step  load  having  a rapid  rise  time  can  produce  dynamic  overshoot,  up 
to  twice  that  resulting  from  a quasi-static  application  of  the  same 
level  of  load.  In  cases  where  the  rise  time  of  a step  loading  may  be 
short,  a magnification  factor  of  two  may  be  applied  conservatively. 
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p 


Impactlve  loadings  are  most  easily  analyzed  by  determining  the 
kinetic  energy  imparted  to  the  system  during  the  impact  and  then  deter- 
mining the  system  response  as  that  required  for  the  energy  to  be 
absorbed  during  a quasi-static  movement  of  the  system.  (The  absorbed 
energy  is  equal  to  the  area  under  a quasi-static  load-displacement 
diagram.)  If  an  anchor  is  to  sustain  only  a few  impact  loads,  consider- 
able nonrecoverable  upward  movement  may  be  acceptable  for  energy 
absorption.  However,  if  many  impacts  are  anticipated,  the  anchor  should 
be  designed  to  absorb  the  energy  within  the  elastic  range  of  movement 
in  order  to  prevent  eventual  pullout. 


Figure  C- 1 . Response  of  rigid  circular  footing  to  vertical 
force  developed  by  constant  forcu'  excitation 
(after  Lysmer,  et  al . , 1H66). 
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Dimensionless  h'requeney  at  Maximum  Amplitude, 

(a)  Mass  ratio  versus  dimensionless  frequency  at  resonance 


Magnification  Factor, 

(b)  Mass  ratio  versus  magnification  factor  at  resonance. 


Figiirt'  C-2. 


Vertical  o.sc  i 1 lat  ion  of  rigid  circular 
footing  on  clastic  lialf-spacc  (after 
R i chart  , et  a 1 . , 1970). 


Table  C-1.  Typical  Relevant  Parameters  for  Anchor,  Soil,  and  Anchored  Object  Idealized 
as  Cyclically  Loaded  Single-Degree-of-Freedom  System 


Appendix  D 
HYSTFRETIC  DAMPING 


The  magnification  effects  described  above  reflect  damping  arising 
mainly  from  the  geometrical  dispersion  of  energy  at  low  strains.  UTien 
strains  are  high,  falling  in  the  range  of  0.1%  to  1%,  energy  losses  in 
the  soil  should  increase  damping  significantly,  thus  reducing  magnifica- 
tion factor  values,  particularly  at  or  near  resonance. 

Energy  losses  may  be  estimated  from  the  areas  enclosed  by  the 
hysteresis  loops  described  on  the  stress-strain  diagrams  for  the  soil 
elements  surrounding  an  anchor.  In  order  to  do  this  without  any  prior 
knowledge  of  anchor  response,  the  soil  element  strains  must  be  known, 
and  Che  element  energy  losses  must  be  integrated  to  yield  an  estimate 
of  total  energy  loss  per  cycle  of  loading.  Such  a procedure  will  be 
carried  out  during  the  mathematical  modeling  phase  of  current  research. 

As  an  alternative,  the  hysteresis  loop  for  the  anchor  load-displacement 
diagram  may  be  used,  if  it  can  be  estimated  from  field  or  model  test 
data . 

The  effectiv'e  damping  factor  for  a surface  plate,  when  no  hysteresis 
energy  losses  occur  in  the  soil,  is  given  by  Richart  et  al.,  (1970)  in 
their  Equation  7-30  as 

c 

c = 0.425  (D-1) 

^ v/b 

z 

where  c^  = critical  damping  constant 

B = mass  ratio 
z 

In  this  expression,  the  critical  damping  constant  is 

c = 2 /m  k (D-2) 

c V z 

where  m = mass  of  lumped  oscillating  elements 

k^  = Idealized  single-degree-of-f reedom  stiffness 


The  stiffness  is  evaluated  for  a surface  plate  as 

4 G r 

k = ^ 

z (1  - v) 


(D-3) 


58 


The  mass  ratio  is  evaluated  as 


B 


z 


m 


3 


(D-4) 


These  relationships  may  be  used  directly  for  a deeply  embedded  anchor 
plate  where  the  soil  below  the  depth  of  the  plate  plays  no  part  in 
mobilizing  pullout  resistance,  and  also  may  be  used  for  an  embedded 
plate  where  suction  is  operative  beneath  the  plate  if  the  plate  load 
and  plate  mass  are  halved.  Thus, 

c = \ /2nT  k ( D-  5 

c \ e z 

and 

B 

z 


(1  - v) 


(D-6) 


where  m = total  effective  oscillating  mass  for  a single-degree-of- 
freedom  idealization  of  an  embedded  anchor  plate,  with 
suction  operative. 


The  energy  loss  to  damping  in  one  cycle  in  a single-degree-of- 
freedom  system  is  given  by 


E = C ' IT  00  z 
c p 


(D-7) 


where  c' 

00 


z 


p 


effective  damping  constant 

circular  frequency 

peak  displacement  amplitude 


If  this  energy  loss  is  equated  to  the  area  enclosed  by  the  load- 
displacement  hysteresis  loop,  defined  as  E^,  the  result  can  be  rearrangeti 
and  evaluated  to  determine  an  effective  damping  as 


2 


TT  0)  Z 

P 


(D-8) 
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It  can  be  demonstrated  that  the  effective  damping  associated  with 
static  hysteresis  losses  (Equation  D-8)  may  be  substantially  greater 
than  that  associated  with  geometrical  dispersion  (Equation  D-1)  and  that 
the  total  effective  damping  (c2  + cj^)  may  range  from  less  than  5%  to 
more  than  100%  of  critical  (Equation  D-2) , depending  upon  the  anchor 
mass  loading  and  displacement  levels. 

The  dynamic  load  magnification  curves  given  in  Appendix  C are  for 
insignificant  hysteresis  effects.  As  discussed  by  Richart  et  al. 

(1970),  the  magnification  is  reduced  to  values  less  than  unity,  at  any 
loading  frequency,  when  the  total  effective  damping  constant  is  increased 
beyond  0.707;  significant  reductions  also  result  from  values  somewhat 
less  than  0.707. 

An  iterative  procedure  that  may  be  noted  to  account  for  damping 
during  resonance  in  the  manner  discussed  above  is  as  follows.  is 

calculated  from  Equation  D-6,  and  the  relationship  given  in  Figure  C-2 
is  used  to  determine  M^.  An  amplitude  A^^  is  determined  from  the  static 
load-displacement  curve  at  a load  equal  to  the  product  of  the  specified 
static  load  with  the  magnification  factor  M^;  then  the  energy 
dissipation  per  cycle  Ej^  is  determined  from  the  area  enclosed  by  the 
hysteresis  loop.  The  effective  hysteretic  damping  factor  cj^  is  then 
calculated  from  Equation  D-8. 

The  mass  ratio  corresponding  to  no  hysteretic  damping  B2  is 
calculated  from  Equation  D-4,  and  the  corresponding  geometrical  damping 
factor  c^  is  calculated  from  Equation  D-1.  The  total  damping  factor 
Cq  is  calculated  as  the  sum  of  C2  and  cj^,  and  a new  effective  mass 
ratio  Be  is  calculated  from  an  inverted  form  of  Equation  D-1. 

Be  is  then  substituted  for  B2  in  the  relationships  given  in  Figure 
C-2  to  determine  a new  magnification  factor  and  a new  amplitude 
Azm-  The  new  values  are  used  to  repeat  the  process:  a new  Ej^,  a new 

ch,  a new  Ce,  and  a new  Be  are  obtained,  leading  to  still  another 
and  Azm>  and  these  steps  are  repeated  until  a desired  precision  is 
indicated  by  a close  agreement  between  the  old  and  new  values  of  M^i. 

The  peak  load  is  obtained  as  the  product  of  Qo  with 
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LIST  OF  SYMBOLS 


2 

A Cross-sectional  area  (L  ) 

2 

A Cable  cross-sectional  area  (L  ) 

c 

2 

A^  Anchor  fluke  plan  area  (L  ) 

A^  Amplitude  of  vertical  vibration  (L) 

A Amplitude  from  static  load  displacement  curve  (L) 

zm 

a Strumming  amplitude  (L) 

a^  Dimensionless  frequency  (cycles/s) 

B Anchor  fluke  diameter  or  width  (L) 

B Effective  mass  ratio 

e 

B Mass  ratio  for  vertical  vibration  of  rigid  circular 

footing  on  elastic  half-space 

C Constant  for  half-embedded  foundation 

B 

2 

c Unit  soil  cohesion  (F/L  ) 

c'  Effective  damping  constant  (FT/L) 

2 

c Cohesion  Intercept  based  on  effective  stress  (F/L  ) 

c Critical  damping  constant  (FT/L) 

c 

Cj^  Damping  constant  from  hysteresis  loop  (FT/L) 

c^  Damping  constant  for  vertical  vibration  (FT/L) 

D Anchor  fluke  embedment  depth  (L) 

D Diameter  of  anchor  cable  (L) 

c 

Dj^  Damping  ratio 

R 

D Maximum  damping  ratio 

R 

max 

D Relative  density  of  cohcslonless  soils 

i 

D Particle  size  diameter  at  which  50T;  of  the  soil  is  finer  (T.) 

so 

D/B  Relative  embedment  depth  j 
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max 


i 

K 

K 

c 

k 

k 

z 

L 

L 

c 

M 

M 

a 

M 


2 

Cable  tensile  elastic  modulus  (F/l.  ) 

Energy  loss  to  damping 

Energy  loss  from  hysteresis  loop 

Voids  ratio,  also  base  of  natural  logarithm 

V 

Side  frictional  force  with  respect  to  time  iF) 

Soil  dynamic  resistance  force  (F) 

Total  suction  force  along  the  bottom  side  of  the  anchor 
fluke,  with  respect  to  time  (E) 

Total  uplift  force  (static  plus  dynamic),  with  respect 
to  time  (F) 

Frequency  (cycles/s) 

Resonant  frequency  (cycles/s) 

Excitation  'requency  (cycles/s) 

2 

Soil  shear  modulus  (F/L  ) 

2 

Maximum  soil  shear  modulus  (F/L  ) 

Static  holding  capacity  (F) 

Total  holding  capacity  (static  plus  dynamic)  (F) 


Coefficient  of  lateral  stress 
Coefficient  of  lateral  stress  at  rest 


Stiffness 

Idealized  single-degree-of-f reedom  stiffness 

Anchor  fluke  length  (L) 

Anchor  cable  length  (L) 

2 

Total  mass  of  anchor  plus  cable  plus  oscillating  soil  (FT  /L) 
Amplitude  magnification  factor 

Magnification  factor 
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m 

m 

e 

N 


N 

u 

n 


OCR 

Q 


r 

o 


S 

u 

T 

t 

V 

X 

X 

A 

z 

P 

B 


Y 


Y 


b 


Y 
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Mass  constant 

Total  effective  oscillating  mass 

Number  for  average  earthquake 

Holding  capacity  factors 

Uplift  coefficient 

Number  of  transient  stress  pulses 
Overconsolidation  ratio 

Time-dependent  external  force  acting  on  elastic  system  (F) 
Amplitude  of  external  force  acting  on  elastic  system  (F) 

2 

measured  uplift  pressure  (F/L  ) 

Radius  of  circular  footing  on  circular  anchor  fluke  (L) 

Stretched  length  in  the  deflected  shape  of  a full  sine 
wave  cycle  (L) 

2 

Cyclic  shear  strength  {F/L  ) 

2 

Static  undrained  shear  strength  (F/L  ) 

Cable  tension  (F) 

Time  (T) 

Velocity  of  water  current  (F/T) 

Rigid  body  motion  of  anchor 

Distance  coordinate  along  the  embedment  depth 

2 

Measured  acceleration  (L/T  ) 

Peak  displacement  amplitude  („) 

Angle  between  vertical  and  axial  applied  stress  in 
triaxial  test 

Shear  strain  of  sort 

3 

Buoyant  unit  weight  (F/L  ) 

Hyperbolic  strain 
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Reference  strain 
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T 

t/c 

CO 


Double  amplitude  strain 
Cyclic  strain  amplitude  (L) 

Normal  strain  in  r direction 

Strain  in  cable  due  to  strumming  effect 

Normal  strain  in  the  z direction 

Poisson*s  ratio 

Numerical  constant  (3,14159) 

2 4 

Mass  per  unit  volume  (FT  /L  ) 

2 

Confining  pressure  (F/L  ) 

2 

Pulsating  deviator  stress  (F/L  ) 

2 

Radial  normal  stress  (F/L  ) 

2 

Vertical  normal  stress  (F/L  ) 

2 

Mean  principle  effective  stress  (F/L  ) 

2 

Vertical  effective  stress  (F/L  ) 

2 

Shearing  stress  (F/L  ) 

Normalized  shear  stress 

Angle  of  internal  friction  in  cohesionless  soils 
Effective  angle  of  internal  friction  in  cohesionless  soils 
Circular  frequency  (rad/s) 
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kl  kill  I I NIA  I kSI  1 A I Al  AA  I n I . IN  I Al  IS(  II  Al  1 1 1 i.  I alaselle  IN  il  eonaidsi,  1 .daseile  IN  i(  I I IHi 
S AN  Dll  ( i(  I S I .A  I I CNIA  Di  Krishnamoorlhs . San  Diegis  t A 
S(  kIkkS  INSI  I I I I I Ol  0(  I ANIKik.AkllA  I A lol  I A.  ( At  ADAMSi 
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SI  All  I'NIV  ()1  M \V  VOKK  Hiifhilo,  NY;  I OR  1 SCMl’ Y1  I R,  N Y ( I ONCiOHARI  )l  I 
n \AS  AAM  i;  MV  I RSI  1 \ COI  l.RllSTAI  ION,  IX  |(  I 1)1. 1>  I |;  ( ollcgc  IX  iCl  DcpI.  HcihiOil 
HONNI  VII  II  I'OWIR  admin  l.ns  Antjelev  CA  lH.inc.Kk  1 ih.  ol  Bio,  Occiin  l 

I NIVI  RSI I V Of  ( Al  ll-OR.NIA  Bf  RKI  I I Y,  ( A (Cl  1)1  FI . (II  RW  l(  Kl.  HI  RKI  I I Y . ( A iC  I 1)1  FI , 

MIK  tlll.l  l;  Bt  RKI- 1 I Y,  C AlOl  t BUS.  AND  1 INAN(  t.  SAL  NDI  RS):  Hci  kclc>  ( A i Dcpl  ol  N.ii  ,il 
Aich.l:  Bci  kcio  ( A (k  . I’c.irsonl;  DAVIS.  CA  iCh  DI  Fl . 1 AYl.OR);  1 I VI.RMORI  . CA  1 1 AW  Rl  NCI 
I IVI  RMORI-  I AB,  roK  AR/l;  1 ;i  Jolla  CA  I Aci|  DcpC  ■ ih.  C-OY.V.A);  SAN  Dll  (iO.  CA.  l.A  JOl  I A,  CA 
ISI  ROCKIl 

I NIVl  Rsrrv  OI  D1:1  aw  ARI  I l W I S,  DI ODIR  of  MARINI;  OFI  RAI  ions.  INDI  RBUZI  Ni:  Nc«.nk.  Dl 
(Dept  ol  Civil  I iigincerint!.  Chcvcon) 

I NlVI  RSI  1 Y OF  HAW  AII  HONOl  U L , HI  (Cl  1)1  FI  . (iRA(  I ).  HONOI  III  U.  HI  |S(  IF.N(  I AND  11  ( 11 
DIV.  I;  Honolulu  H I I Di . S/llaull 

I'MVF.RSI  1 Y OF  11  1 INOIS  I RHANA,  II  (DAVISSON);  URHANA.Il  (I  IBRARY);  CRBANA.  11  (Nl  W ARKi; 
I ihana  H (Cl-i  Dept.  W’ . (i  a in  hie  I 

UNI  VI  RSI  1 V OF  M ASSAC  HU  SI  ris  I Heioncnuisl,  Amhersi  MA  ( I Dept 
L NIVl  RSI  I Y OF  MICHIO  AN  Ann  Aihor  Ml  iRieh.irt) 

I'M VI  RSI  1 Y OF  NF  BRASKA-UNCOI.N  UNC Ol  N,  NF  (SIM  F 1 1 S lOFSSI  R I 
UNIVFRSFIYOF  Nl  W II  A M FSHIRF  DURH  AM.  NH  (1  AVoh-,) 

UNI  VI- RSI  1 Y OF  NF  W .MF  XICO  Alhtiqitcique-  NM  (Soil  Meeti.  <S  I’av.  Dtv  . J.  NteKenl 
UNIVFRSI  I Y OF  RHODF  [SI . AND  KINCiS  ION.  Rl  (FA/.ISi 
I Nl V I RSI  I V OF  I F X.AS  Inst.  Manna  Set  tl  tbraiy  I.  Fort  .Aransav  FX 
UNIVFRSI  1 Y Ol  1 F XAS  A I A US  FIN  Austin  IX  (R.  Olson) 

UNIVFRSIIY  OF  W ASH  I NO  I ON  Seattle  W A (,M  She-nl  I;  M A.  Shenf.  Seattle  W A SI  Al  11  1 .WAlAFFI  II  D 
FHYSICS  UAH).  SI  A I I 1 1 . W A |MFR(  HAN  I I;  SF  A l 1 1 I , W A tOCF  AN  I NO  RSC  II  1 AH.ORAYi; 

SI  Al  IFF,  W A lFA<  IFK  MARINI.  FNVIRON  I AB  . H.AI  FFRNi;  Seattle  W All  I ingei  I 
US  DF  F I OF  COM  M F RC I NO.A.A.  Mat  me  <fk  Fiat  tit  Seienees  1 ih. , Roekv  tile  Ml);  NO.A.A.  F.ieilie  Maiine  < enter. 
Seattle  W A 

USOIOiOOK  Al  SURV  F.\  OH . Marine  Oeolot!) . Mailstop  Ml  v,  Reston  V A 

VFN  11  RACOUN  I Y I NVIRONMFNI  Al  RFSOUR(  I AOl  N(  A VFN  I IRA.  C AiMFl  V IN  I 

All  AN  I l(  Rl(  Hill  1 DCO  DAI  I AS,  IXlSMIlHl 

.AF  ROSF.ACF  CORF.  .Aeiinisition  (iroiip.  I. its  .Angeles  C.A 

Al  FRI  D A.  YF  ' .V  ASSOC  Honolulu  HI 

AR(  AIRCO.  i)  Young.  I ane.isterOH 

Al  SIR.Al  FA  Dept  FW  lA.  Hieksi,  MelIxturne 

HI  I H i l l ( ORF.  SAN  F R A NCISK),  ( A IFHFI  FSl 

BFUOlUM  NAFCON.  N.V  . OFN 

BF  I HI  FHFM  SI  I I I.  CO  BF  1 HI  FIIFM.  FAtSFl  FI  I I 
BROWN  iVROOl  Houston  IXiD.  Warill 

( '.AN  AD.A  ( an -Dive  Services  ( F.  nglishi  North  V.meouvei , I oekheeil  Felrol.  Srv . 1 liF.  New  W'esiminstei  BC,  Mem 
Univ  New  I'oiiiKlIaiul  (Chan  I,  St  Johns;  Surveyor,  Nenningei  iV  Cheneverl  Ine  . Montie.iF  1 no  British  ColuinI'i.i 
(Finn).  Vancouver.  BC;  W'arnoek  Hersey  Frol.  Srv  I til.  1 ,i  Sale.  (Juebee 
( I BROW  N CO  Du  Hotiehel.  .Murray  Hill.  NJ 

( HI  VRON  OH  F il  l I)  RF;SF;AR(  H ( (),  I A HABRA,  CA  (BROOKS) 

( ONCRl  I I I F.CHNOUOOY  CORF  T ACOMA,  W'A  lANDF  RSON) 

DR.AVO  CORF  Fillsbitrgh  F A lOiannino) 

NORWAY  Di;  i NORSKF;  VF;RI  1 ash  ibrary),  Oslo 
I VAUU.AIION  ASSOC.  INC  KINOOF  FRUSSIA,  FAlFFDFl  1) 

FR.AN'Cl  Dr.  Diilerlre,  Boulogne;  F Jensen,  Boulogne,  Roger  I aCroiv.  F.iris 
(iiori  ( HNICAU  F NO  IN  FI  RS  IN(  Winchester,  MA  (Faiikling) 

(II  IDDI  N CO  SI  RONOSVIl  1 I , OH  |RS(  11  FIB) 

(ilOBAI  MARINI  1)1  VF  I OFMFNI  NFW'FORI  HF,A(  11  (A  (HOI  1 I III 
(ioul  DINC  Shady  Side  MDiChes  Inst  Dtv  . W Faiill 
HAl  FY  (t  Al  DRICH.  IN(  (am  bridge  M A I Aldrich,  Jr  I 
HONl  YW  I 1 I ,IN(  Minnetipolis  MN  lResiilenti.il  FngrI  ib  i 
I I Al  Y M Caironi.  Milan;  Sergio  latloni  Mil.ino 

1 AMON  I DOHF.R  I Y (II Ol  (KilCAl  OBSF  RV  Falisades  NY  (Me(  oy  );  F.ihs.ides  NY  (Selwvn) 

I (K  'KHI  I I)  MISSII  1 S (t  SFACI  CO  IN(  SUNNYV  Al  I , ( A (FHII  1 IFSi.  Sunny  vale  CA  iRvnewie/l 
I (K  Kill  FI)  0(  1 AN  I A BOR  A FORY  San  Diego  (All  Simpsoni 
MARA  I HON  OH  (O  Houston  IX((  Seay) 

MARINI  ( ()N(  Rl  IFSI  RUCI  URI  S IN(  MFF  AIRH  . 1 A ilNOR  AH  AMl 
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M( Cl  I I 1 AND  1 NCIINI  I KS  INC  HousUm  I XlB  McCIcllaiul) 

MOBIl  I-  I’ll’l  1 INI  CO  DAI  I AS.  I X MCiKOI-  1 NCiR  INOACKI 

Ml'lSl  K.  Kl  1 1 I DCll  . Wl-  N I WORIH  AND  JOHNSTON  NTW  YORK  I RIC  HARDS) 

NIAV  /l-.Al-.A.M)  .Now  /lmI.iikI  CuiKrcle  Research  .Assoc.  (I.ihrarlan).  Porirua 
NI  W BOR  I N1  WS  SHIPBI  D(1  DRYIXK  KC’O.  New  poll  News  V A(  leeh.  l.ih.l 

NORW  AA  A I omm.  I loiulheim;  DIM  NORSKl  VI  RI 1 AS  (RorenI  Oslo.  J Creed.  Ski;  Norwegian  l ech  Cnic 
iBrandl/aegl.  I roiulheim 

(XIAN  DA  lA  SA  SI  1 .MS.  INC  . SAN  DIHCiO.  CA  (SNOIKIRASS) 

(XT  AN  1 NOlNl  l-  RS  SACSAl  I TO.  CA  (RYNI-.C  Kl  I 
(XTAN  R1  SOCRCI-;  TNO  INC.  HOCSION.  IX  ( ANDIRSON  I 
OH  SHORI  1)1  VI  1 OBMl  N I 1 NO.  INC  B1  RKl  l.TY,  CA 

B. ACII  1C  MARINI.  I 1 CTINOI.OOY  1 ONCi  BI  ACH.  CA  (W.AONI  R) 

I’OR  I I ANDCT  MI-  N 1 ASSOC.  SKOKIC.  11.  (CORl-l.Yl;  Skokie  II  (Rseh  & Dev  l.ah.  l.ib  I 
I’Rl-SC ON  CORB  roW  SON.  MDiKH.l.TR) 

I’CI  R ro  RICO  I’uerlo  Rieo  ( Rsch  l.ib.  I.  Mayaquer  B R 
R.ANDCORB.  Santa  Monica  CA  (A.  l.aiipal 
SANDIA  1 ABOKAIORH  S I ibrary  IXv..  l.ivermoreCA 
SCTICBACK  ASSOC  SC).  NORW  A1  K.  CTlSCHCB.ACK) 
si:.\ri;cH  corb  miami.  m.  ibkrond 

SHI  I 1 1)1  AT  1 OBMI  N r CO  Houston  I X (K.  IXiylel 

SHI  I I OH  CO  HOCSION.  IX  iMARSHAI  1.1;  Houston  IX  I R de  Castongrenel 
SWCDI  N Cieolech  Inst;  VBB  1 1, ibrary  I. . Stockholm 
HDI  W A1  1;R  C ONS  1 R CO  Norfolk  V A (Bowler) 

TRW  SA  S I BMS  RB  DONDO  BB.ACH.  CA(DAl) 

I'Nl  riT)  KINODOM  Cement  & Concrete  .Assoc.  (R.  Rowe).  W'esham  Springs.  Slough  B;  1).  New.  Ci.  M.iiinsell  A; 
Banners.  Condon;  Sh.iw  A HattoniF.  Hansen).  Condon;  Baylor.  Woodrow  Constr (OUB).  Southall.  Middlesex; 
l aylor.  Woodrow  Const!  (Stubbs).  Southall.  Middlesex;  L'niv  Bristol  (Carnaeh).  Bristol.  Cngland;  L'nivei  sity 
(Hanna).  Sheffield.  Cngland 
CSCiS  Ml  NI  C)  BARK.  CA  (YOCD) 

WTS ITNCiHOlCSC  Cl.l.C  f RIC  CORB  .Annap»>lis  MDtOceanie  Div  Cib.  Bryan) 

WTSS.  JANNC  Y.  Cl  S I NB  R.  A ASSOC  Northbrook.  11.  (J.  Hanson) 

W M C CABB  CABS  - B A TTCCCC  DUXBURA  . MA(CIBRARY);  Diixbury.  M. A (Richards) 

WOODWARD-C  1 A DC  CON  SIJ II  AN  IS  Oakland  CA  (A.  Harrigan);  BCYMOI.!  BH  Ml  ClINCi  B.A(CROSS.  Ill) 
AC  SMOO  BS  Cos  Angeles.  C A 
BIT.COCK  1 aCar.ada 

C.  HCN/C  Boulder  CO 

C ABB  Ml'RBHY  SAN  BRUNO.  CA 
K.(J  BAI  MCR  Kaneohe  HI 
1 W Ml  RMl  I W ashinglon  DC 
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